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ABSTRACT
Synthesis and Characterization of
Novel Polymer Structure:
I. Head-to-Head Polyolefins
II. Regular Copolyoxamides
(February 1980)
Steven Jay Grossman, B.S., University of Connecticut
Ph.D., University of Massachusetts
Directed by: Professor Otto Vogl
The preparation and characterization of two novel
polymer systems has been investigated.
(1) Synthesis and characterization of head-to-head
(H-H) polyolefins has been evaluated with particular
emphasis on the preparation of H-H polypropylene. Both
cis and trans-1 , 4-poly ( 2 , 3-dimethylbutadiene) have been
prepared by a Ziegler/Natta polymerization of 2,3-di-
raethyl-1, 3-butadiene. Careful adjustment of the tri-
isobutylaluminum/titanium tetrachloride ratio has resulted
in the formation of both high cis-1,4 and trans-1 , 4-poly-
( 2 , 3-dimethylbutadiene) with a minimum of 1,2-units iden-
13tifiable by C NMR. The work completed on the polymeri-
zation of 2 , 3-dimethylbutadiene as well as the results on
the ensuing hydrogenations have indicated that adjustment
of the amounts of monomer, solvent, catalyst and tempera-
ture are all vitally important to the final overall yield
V
and molecular weight of polymer.
Both cis and trans polymers indicated crystallin-
ity by wide-angle x-ray diffraction. The glass transi-
tion temperature (Tg) of the cis polymer was observed at
2-4°C (by differential scanning calorimetry (DSC)) with
the Tg of the trans polymer recorded about 10°C higher.
The melting behavior of cis-1, 4-poly (2 , 3-dimethylbuta-
diene) revealed the onset of melting at 162'>C with the
development of two maximums in the melting endotherm at
184 and 191°C. The trans-polymer indicated the onset of
melting near 275°C, followed by decomposition. The maxi-
mum rate of weight loss under nitrogen (measured by dif-
ferential thermogravimetric analysis (DTG) ) for both
polymers was observed around 380°C.
Homogeneous catalytic hydrogenation of cis and
trans-1 , 4-poly (2 , 3-dimethylbutadiene) resulted in the
formation of an erythro and threo predominating structure
(H-H polypropylene) detectable by
-"-^C NMR. This implied
a slight tendency for cis addition of hydrogen. Some
chemical, physical and thermal properties of H-H poly-
propylene were investigated and compared to the properties
of the atactic and isotactic head-to-tail (H-T) poly-
propylene. The Tg of erythro predominating H-H poly-
propylene was measured at -40°C, the Tg of the threo
VI
predominating structure measured at
-30°C, while the Tg of
atactic polypropylene was observed at
-20°C. Both H-H and
H-T polypropylene have shown comparable thermal stability.
Gas chromatograph/pyrolysis studies have revealed that a
distinct mechanism of degradation is probably present in
H-H polypropylene.
A new synthetic approach has been developed which
makes the preparation of H-H polyolefins with longer ali-
phatic side chains easily available. Condensation of
ethyl a-bromobutyrate, followed by reduction, acetylation
and pyrolysis was successful for the preparation of 2,3-
diethyl-1, 3-butadiene and preparation of H-H polymers of
butene-1, pentene-1, hexene-1, dodecene-1 and octadecene-
1 seems feasible.
(2) Regular copolyoxamides have been successfully
tested as candidates for desalination by reverse osmosis.
Additional characterization was conducted with particular
attention on the water absorption as a function of struc-
ture, the relative amounts of bound and free water and the
existence and influence of morphology (crystallinity )
.
The water absorption is reversible; these polymers have
low crystallinity and the water absorption does not occur
in the crystalline regions.
Differential scanning calorimetry and scanning
electron microscopy has revealed that a significant amount
of watfer in the copolyoxamide membrane is bound water and
is affected by the total surface area of the membrane.
viii
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CHAPTER I
INTRODUCTION—HEAD-TO-HEAD POLYOLEFINS
I^_peve3^pment
_of Head-to-Head Linkaa^c.
Norma l Chain Growth Polymeri^itl^
In the course of chain growth, bond opening poly-
merization of compounds with an asymmetrically substituted
vinyl group, two possibilities exist for the attachment of
monomer to the growing chain, ^ the formation of head-to-
tail (H-T) linkages, the normal attachment, or head-to-
head (H-H), tail-to-tail (T-T)
,
linkage formation.
R-CH^-CH
R- + CH^=CH 2"V"'
(1)
2~Y ^
^ ^ R-CH-CH
,
2" (2)
X
If propagation proceeds according to Equation 1, this
would give rise to an arrangement in the final polymer
product generally referred to as a head-to-tail (H-T) or
1 / 3-placement of monomer units.
CH2-CH-CH2-CH-CH2-CH-CH2-CH- (3)
X X X y
The alternative possibility (Equation 2) would lead to a
polymer structure with a 1 , 2-placement of substituents
,
termed head-to-head (h-h) or tail-to-tail (T-T) pilacement
-ch2-chch{ch2>chch-ch2-
XX •'x X
H-T placement (Equation 3) would be expected to be
overwhelmingly predominant since successive propagation
according to Equation 1 is favored by both steric and
resonance considerations .
^ The propagating radical (Equa-
tion 1) can be stabilized by the resonance effects of the
X substituent. The radical produced in Equation 2 cannot
be stabilized by the attached substituents as they are not
attached to the atom bearing the free electron. Addition-
ally, the approach of a propagating radical of the unsub-
stituted carbon atom of the incoming monomer is less
sterically hindered for the propagation according to Equa-
tion 1. Larger proportions of K-H linkages are then only
expected when there is less steric effect and less reson-
ance stabilization of the growing polymer end (free
radicals, cations, anions).
Cases have become known where reverse monomer ad-
dition have resulted in up to 30% of H-H linkages in the
polymer chain. Most of the monomers showing a significant
proportion of H-H linkages in the polymer chain have a
halogen substituent, such as a chlorine or fluorine atom
attached to the carbon-carbon double bond.
Otsu, Shimuzu and Imoto^ studied the copolymeri-
zation of propenyl chloride and confirmed that 1.5% of
the linkages in poly (vinyl chloride) were of the H-H
configuration.
The development of H-H placement was shown to be
of more significance in the radical co-polymerization of
vinylidine chloride. Wilson^ demonstrated by spectro-
scopic studies that up to 10% H-H linkages could be pres-
ent in this polymer.
Wilson and Santee^ employed high-resolution ^^F
NMR in the analysis of organic polymer structure. They
showed that a substantial amount (10-12%) of H-H structure
was present in poly ( vinylidene fluoride) and the existence
of a very large amount (26-32%) of H-H structure in
poly (vinyl fluoride). For poly (vinyl fluoride) this im-
plied that about one monomer unit in every six or so was
experiencing H-H insertion during free-radical homopoly-
merization. The amount of H-H linkages was found to in-
crease with an increase in polymerization temperature for
poly (vinyl fluoride). At a polymerization temperature
near 0°C, H-H linkages were at a 25% level. Polymeriza-
tion temperatures near 200°C resulted in the formation of
nearly 35% H-H configuration in the polymer chain.
NMR evidence has been found for sequence isomerism
in 1 , 4-polychloroprene
,
indicating the presence of
4different and significant amounts of unusual configura-
tion. ^ It was eventually determined that polychloroprene
prepared by a free radical process contains 10-15% of H-H
and 10-15% of T-T linkages.
A small amount of H-H placement, 1-2%, has been
observed by Friedlander in the course of radical polymeri-
zation of vinyl acetate.^ This was determined by hydroly-
sis of the polymer to poly (vinyl alcohol) and then perio-
date oxidation of the 1,2-glycol units.
-CH^-CH-CH-CH^— >
-CH^CH + HC-CH^-^ (5)
OH OH 0 0
These same workers found that an increase in polymeriza-
tion temperature from 30«C to 90°C resulted in an increase
of 1.3 to 1.9% of H-H linkages in poly (vinyl acetate).
In any radical chain growth polymerization the
presence of H-H linkages has been assumed to occur by a
termination reaction caused by radical recombination.^
X XX
CH^-C- >
_CH2-C-C-CH2— (6)
H H H
The alternative possibility, termination by disproportion-
at ion
^ X X X
CH^-C. + C-CH^ , -^CH^-C-H + C=CH ^ (7)
occurs as the result of abstraction of a hydrogen that is
in the 3-position with respect to the radical center. in-
herent structural factors have been established^'^ which
affect the relative proportion of recombination (Equation
6) and disproportionation (Equation 7). Clearly, the
first major factor is the number of 3-hydrogens that might
be available for disproportionation. A second major fac-
tor is the effect of the bulkiness of the substituents on
the radical carbon atom. Large bulky groups would create
a highly strained bond (see Equation 6) and this has been
held responsible for the large amount of disproportiona-
tion observed in poly (methyl methacrylate)
.
Other monomers which have been studied include
aeryIon itrile, where results from tracer studies suggest
that termination is mainly by radical recombination.
12Arnett and Peterson in earlier tracer studies of styrene
polymerization, confirmed that termination takes place al-
most exclusively by recombination. Copolymerization
studies of styrene and methyl methacrylate''""^ have shown
that combination by cross-termination is important in this
system. A small amount of H-H linkages has been observed
14by Grassie in the radical polymerization of styrene.
15Other workers have also observed a small amount of H-H
linkages in polypropylene.
Recent reviews^^'l^ have shown that it cannot be
assumed that for any monomer, termination takes place
exclusively by one mechanism. Both processes (Equations
8 and 9) are always possible and experiments designed to
elucidate the mechanism of termination should always be
capable of measuring the proportion of each possibility.
Either mechanism does lead, however, to unusual types of
linkages and a complete understanding of the effect of
these linkages on polymer properties is imperative.
II. Indirect Methods of Preparation
of Head-to-Head Polymers"
The successful preparation and evaluation of pure
H-H polymer has therefore been accomplished by indirect
routes. It is now known that in general, three major
techniques are successful for the preparation of H-H
1
8
polymers; (a) for polyacrylates and their derivatives,
alternating copolymerization of ethylene with maleic an-
hydride; (b) for poly(vinyl halides) , . halogenation
(chlorination or bromination) of 1 , 4-polybutadiene ; and
(c) for H-H polyolefins, 1 , 4-polymerization of 2,3-disub-
stituted butadienes followed by hydrogenation of the
double bond.
A. H-H polyacrylates
. The alternative polymerization of
ethylene and maleic anhydride was confirmed by Towne^^ and
other workers. 20 H-H poly (methyl acrylate) was prepar-
ed
'
2 by esterification of the known alternating copoly-
mer of ethylene and maleic anhydride.
CH^OH
I \ c=o c=o
\^/^ OCH_ OCH^
0 3 3
THF
-CH.-CH.,-CH CH
C=0 C=0
\ \
OCH OCH^
(8)
Glass transition temperatures (Tg) were determined for
H-H poly (methyl acrylate) as 31°C and for H-T poly (methyl
acrylate) as 7°C. The thermal gravimetric analysis of
H-H poly (methyl acrylate) and H-T poly (methyl acrylate)
showed that the degradation temperature and the maximum
rate of degradation of both polymers was essentially the
same. The initial degradation temperature for the H-H
polymer was 368°C and for the H-T polymer 372°C; the maxi-
mum rate of degradation was at 418°C for the H-H polymer
and 419°C for the H-T polymer.
23Tanaka and Vogl produced alternating copolymers
of trans-stilbene and maleic anhydride which were subse-
8quem:ly converted to H-H poly (methyl cinnamate)
. The
transformation of the polyanhydride was conducted in two
steps with the first reaction producing the sodium salt
of poly (cinnamic acid).
^6^5 excess c
4CH-CH PH-PHA. NaOH I b b-H, C CHf^ ^ 4^H-CH CH CHf^ (9)
^6^5 c H, C=0 C=0O 6 5,,
I I
i n
I
I
ONa ONa
Methylation followed, by treatment with excess dimethyl
sulfate.
Q II excess
' ^ 5 (CH^O) „S0^
4CH-CH CH CHf ^ t
^6«5 C=0 (10)
ONa ONa ^6^5
-{CE- CH CH CHf
'
I i
n
C^H^ C=0 C=06 5
I
,
OCH^ OCH^
The polymer was found to be an amorphous powder, accord-
ing to x-ray diffraction patterns. The properties of the
H-H polymer were compared to that of the H-T polymer
(formed by radical polymerization of methyl cinnamate).
Glass transition temperatures as determined by differen-
tial scanning calorimetry (DSC) showed a Tg of 210°C for
H-H poly (methyl cinnamate) with the Tg of the H-T polymer
24falling 50 °C lower. The H-H polymer was more soluble in
organic solvents, had a lower degradation temperature
(3520C vs. 360°C) and a lower temperature of maximum rate
of degradation (376°C vs. 410oc) as compared to the H-T
polymer.
Kincaid, Tanaka and Vogl^^ synthesized and exten-
sively characterized poly (methyl crotonate)
. Alternating
copolymers of cis-butene-2 and maleic anhydride were es-
terified to the methyl ester which resulted in the forma-
tion of H-H poly (methyl crotonate)
.
CH^
I 3
4CH- CH—CH CHf n 1 ^II in (11)
CH^ C=0 C=0
3 I
,
OCH^ OCH^
H-H poly (methyl crotonate) was shown to be amorphous ac-
cording to x-ray diffraction studies, with a Tg measured
by DSC at 107°C. The H-T polymer showed a Tg of 80°C,
also measured by DSC. Degradation of each polymer started
around 340 °C. The maximum rate of degradation of the H-H
polymer was observed at 3 83°C, that of the H-T polymer at
410°C.
2 6Weil and Vogl have recently studied the stereo-
chemistry and long range order of H-H poly (methyl cinna-
mate)
,
poly (methyl acrylate) and poly (methyl crotonate)
by high resolution NMR. Stiffness of the chains (due to
bulky side groups on each carbon atom) and the huge number
10
Of possible structures (all carbons being asymmetric)
led to the development of broad unresolved spectra for
H-H poly (methyl cinnamate) and II-H poly (methyl crotonate)
13The C NMR spectrum of H-H poly (methyl acrylate) could
be resolved more clearly and indicated the presence of
threo and erythro units in essentially a 1:1 ratio.
B. H-H poly (vinyl halides)
. The first attempt to prepare
H-H poly (vinyl chloride) was by Bailey^^ who studied the
chlorination of 95-98% cis-1 , 4-polybutadiene
. The reac-
tion was conducted at low temperature, in the presence of
a catalyst (ferric chloride) to avoid chlorine substitu-
tion and crosslinking. The chlorinated cis-1 , 4-polybuta-
diene was compared to commercial poly (vinyl chloride).
From stiffness modulus-temperature relations Bailey sug-
gested that the Tg of H-H poly (vinyl chloride) and H-T
poly (vinyl chloride) were nearly identical, in the region
of 80°C.
2 8Recent work on the chlorination and bromination
of polybutadiene of more than 99.5% cis-1, 4 content have
shown that reactions must be carried out in dilute systems
with careful exclusion of oxygen. The Tg of H-H
poly (vinyl chloride) and poly (vinyl bromide) were shown to
be very similar to those of the corresponding H-T polymers.
An interesting feature observed in the chlorination of
polybutadiene has been that the partially halogenated
11
polybutadiene shows microphase separation of chlorine
rich and chlorine poor phases. "'"^
C. H-H polyolefins. As mentioned earlier, as a third
major technique for the preparation of H-H polymers, 1,4-
polymerization of 2 , 3-disubsti tuted dienes, followed by
hydrogenation, provides an excellent method for preparing
H-H polyolefins.
Pure H-H polystyrene was recently prepared^^ in a
sequence of three reactions from 2 , 3-diphenyl-l
, 3-buta-
diene. Free radical bulk polymerization with azobis-
isobutyronitrile (AIBN)
H r-r r-ru AIBN, 60°C
^2^-9—9-^^2 brfk ^ 4CH2-C=C-CH f (12)
I
^ DUIK ' Z T T
Ph Ph ph ph
gave exclusively 1 , 4-poly ( 2 , 3-dipheny Ibutadiene) of equal
cis and trans composition. The polymer was quantitatively
reduced chemically with potassium and ethanol
Ph Ph 20°C, 48 hr Ph Ph
to form H-H polystyrene. High resolution NMR spectro-
scopy showed^^ the relative amounts of erythro and threo
placements as well as the influence of long range order on
chemical shifts. From this data a stereospecif ic trans
12
addition of hydrogen was confirmed.
A variety of physical characterizations have been
conducted on H-H polystyrene. Solution properties^! of
H-H polystyrene were compared with that of H-T poly-
styrene. The theta temperature of H-H polystyrene in
cyclohexane was 19°c, 16^0 lower than that measured on
H-T polystyrene. The measurement of the end-to-end dis-
tances indicated that H-H polystyrene was about 25%
larger than H-T atactic polystyrene, but similar to H-T
isotactic polystyrene. These two results^^ led to the
conclusion that H-H polystyrene has a stiffer chain than
the atactic H-T polymer, but at the same time it is more
soluable. Rheological behavior was examined^^ and also
indicated a stiffer polymer chain in the melt at 160°C for
H-H polystyrene as compared to H-T polystyrene, but at
190°C both polymers seem similar. Comparisons of H-H and
H-T polystyrene by thermally stimulated discharge has
been recently reported and revealed six maxima of cur-
rent intensity occurring at specific temperatures.
The glass transition temperature (Tg) of poly (2,3-
diphenylbutadiene) was recorded by DSC at 116°C and the
glass transition temperature of the completely hydrogen-
ated H-H polystyrene was found to be 97°C.^^ In compari-
son, a Tg at 98°C was found for atactic H-T polystyrene
(consisting of 80% syndiotactic diads) and a Tg of 92°C
13
for their sample of H-T isotactic polystyrene. Thermal
degradation behavior was investigated with H-T atactic,
isotactic and H-H polystyrene all showing a maximum rate
of degradation near 400oc. Direct pyrolysis into a mass
spectrometer indicated^^ that while H-T polystyrene de-
graded mainly by an unzipping to monomer, H-H polystyrene
showed a statistic degradation into oligomeric styrenes,
especially stilbene.
Helbig, Inoue and Vogl^^ found that catalytic
hydrogenation of either 2 , 3-diphenyl-l
, 3-butadiene or H-H
polystyrene were convenient and useful methods of pre-
paring n-H poly (vinyl cyclohexane) (PVCH)
.
?6«5
4CH„-C=C CH^f2'n
Rh/C
190°C, 2000 psi^
I
6 11
4CH„-CH-CH-CH^4-
^1 2 nI
^6^11
(14)
K/C2H^0H,
THF
Rh/C
igO-'C, 2000 psi
I
6 5
4CH2-CH-Cn-CH2f
^6«5
(15)
H-H PVCH was found to be an amorphous powder by x-ray
diffraction
.
The advantage cited for preparing H-H PVCH accord-
ing to Equation (15) was that the stereochemistry of H-H
14
polystyrene had been evaluated and hydrogenation would not
change the established configuration. Recent^^ high
resolution NMR has evaluated the erythro/threo structures
and established an influence of long range order reflected
on the observed spectra.
The glass transition behavior and thermal degra-
dation behavior of atactic H-T PVCH, isotactic H-T PVCH
and H-H PVCH has been evaluated. The Tg of the atactic
and isotactic H-H polymer were recorded at 138° and 127°C
respectively (by DSC) with the Tg of the H-H polymer 50°C
lower at 88°C. The degradation behavior of all poly (vinyl
cyclohexanes) showed similar values of their maximum
degradation temperature of around 440°C. Pyrolysis mass
spectra of H-T PVCH and H-H PVCH have been found to be
quite similar. However, in H-H PVCH thermal cleavage
was favored between the two tertiary carbon atoms or
next to the tertiary carbon of the backbone chain.
The only other H-H polyolefin reported recently
has been efforts to prepare pure H-H polypropylene .
'
This H-H polymer is, of course, accessible from a hydro-
genation reaction of pure 1 , 4-poly ( 2 , 3-dimethylbutadiene)
.
Blondin, Regis and Prudhomme evaluated the
structure of poly ( 2 , 3-dimethylbutadiene) prepared by an-
ionic initiators. High resolution '''H NMR showed that an-
ionic polymerization of 2 , 3-dimethyl-l , 3-butadiene results
15
in a'polymer with a 74%-trans-l
, 4 , 23%-cis-l,4, and 3%-
1,2-structure. After a careful evaluation of dyad and
triad tacticity, long range sequences of trans units were
confirmed as giving rise to partial crystallization, ob-
served by x-ray diffraction. These same authors also
evaluated the structure of poly ( 2 , 3-dimethylbutadiene)
produced by radical initiators. It was shown that a pre-
dominance of trans sequences existed, but not of enough
sequence length to give rise to crystallization. Further-
more, free radical polymerization of 2 , 3-dimethyl-l
,
3-
butadiene led to the formation of nearly 10%-1 , 2-units
.
Recently a homogeneous hydrogenation of poly (2,3-
dimethylbutadiene was accomplished and the hydrogenated
polymer, H-H polypropylene, was briefly characterized."^^
Analysis of the microstructure of the polymer by NMR
techniques indicated that the threo and erythro configura-
tions of the monomer units were present in this polymer
with nearly equal frequency. This implied a non-
stereospecific addition of hydrogen to 1 , 4-poly ( 2 , 3-
dimethylbutadiene)
. Implications of this result will be
reviewed shortly.
The glass transition temperature (Tg) of this
sample of H-H polypropylene (by DSC) was measured and
3 8found to be
-24°C. This result was compared to a
literature value of Tg for atactic H-T polypropylene at
16
-7°C. A relationship for the value of Tg as a function of
the degree of hydrogenation was established.
Arichi, Pedram and Cowie^^ have recently reported
on the preparation of H-H polypropylene. Their H-H poly-
mer was obtained by the hydrogenation of two polydienes:
l,4-poly(2,4-hexadiene) and 1 , 4-poly ( 2 , 3-dimethylbuta-
diene)
.
?'3 CH CH,
4HC-CH=CH-CH^ -TSH, 4CH-CH,-CH,-Ch'
11%-1,2 ^ ^
(16)
^^2 ^"2 CH3 CH
-(^H2-C=C-CH>^ 4CH2-CH !:H-CH,f (17)
^^"^'2 5% unsaturated
A closer examination of Cowie ' s work, however,
reveals that caution should be exercised in the interpre-
tation of his measurements, since the purity of the H-H
polypropylene samples are less than normally desired.
Cat ionic polymerization of 2 , 4-hexadiene produced a poly-
mer where the proportion of 1,2-units exceeded 10%.
Poly (2 , 3-dimethylbutadiene) was prepared by emulsion
polymerization and showed that the 1,2-units were present
to a level of at least 6%. Hydrogenation with p-toluene
sulphonyl hydrazide (TSH) as the reducing agent left 5%
residual unsaturation in Equation 17. Additionally, the
17
possibility of significant amounts of short chain branching
is present for both polymers and could have a significant
effect on all characteristic properties
.
Nevertheless, some physical characterization was
made for the polymers. The Tg values (by DSC) were con-
sidered as a function of molecular weight and indicated a
Tg of -17 °C for H-H polypropylene prepared according to
Equation 16, and a Tg of
-10°C for H-H polypropylene pre-
pared in Equation 17. These values were compared to a
literature report^^ on the Tg of atactic H-T polypropylene
of
-6°C. Cowie suggested, but was unable to confirm,
that the difference in Tg between the two samples of H-H
polypropylene might be due to a difference in erythro and
threo configurations, longer sequences of one or the
other leading to chain stiffening or to ordering in the
sample.
Mechanical damping spectra and dilute solution
42properties were also evaluated. According to the damp-
ing spectra, the Tg of H-H polypropylene and H-T atactic
polypropylene were both around
-7°C. The unperturbed
dimensions of H-H polypropylenes were found to be less
than those for atactic H-T polypropylene.
3 7The only other report on the preparation of H-H
polypropylene involved some brief characterization, the
Tg of the H-T polymer found 20°C higher than that of the
18
H-H polymer.
PolZrners. H-H polypropylene was obtained by Natta and
co-workers^ 3 by the copoly.erization of ethylene with an
excess of 2-butene in the presence of coordination ini-
tiators, only after a careful fraction of the copolymer
mixture was a very small amount of unspecified MW co-
polymer, containing nearly 50% of 2-butene (in effect H-H
polypropylene) isolated. The polymer was analyzed by IR
and x-ray diffraction, but was not characterized further.
Richards^^"^'^ used a step growth polymerization of
the styrene dimer dianion in an attempt to prepare H-H
polystyrene. A polymer of relatively low molecular weight
was obtained that did not contain exclusively H-H linkages
• 48Asami reported on the hydrogenation of poly(l,2-
diphenylbutadiene) and poly ( 2 , 3-dipheny Ibutadiene) in a
short communication. A complete paper, though, has not
yet appeared in the literature. Fujimoto and co-workers^^
have studied the behavior of hydrogenated poly (2,3-
diphenylbutadiene) in light scattering, dilatometry and
stress relaxation experiments.
In principle, a variety of H-H polymers could be
prepared in a sequence of reactions beginning with a di-
vinyl compound. For example, polymerization of divinyl
formal to an exclusive five-membered intermediate.
19
^ \
I 2
CH^
> I-CH^-CH
O
CH^
CH-CH^
O
(18)
A + n CH
0
CH
0
^ 4€n -CH CH-CH^4-
\ I 2 n
0 o\ /
(19)
would give H-H poly (vinyl alcohol) upon hydrolysis.
^H^-CH— CH-CH^f^ _hYdrol^
^H,-CH-CH-CH.f
I I
CH2
I I
OH OH
(20)
50Some workers have claimed success in this method, but
the structures obtained by cyclopolymerization have not
been unequivocally shown to have 100% structural purity.
III. Recent Theory on the Properties
of H-H Polymers
From the foregoing, it is clear that different and
possibly useful new properties are developed in H-H poly-
mers. At this point, two general correlations have been
developed which describe both the Tg behavior and thermal
stability of H-H polymers.
3 5It has been shown that a significant pattern of
the values of Tg
' s emerge if one considers polar and
20
steric factors of the side
.roups in the 2 and 3-position.
in the case of polar groups, such as in polyacrylates
,
Where the carboxy.ethyl groups play a dominant role, the
polarity and the dipolar interaction between individual
groups have been suggested to cause a hrgher Tg (approxi-
-tely 30OC) than the H-T polymer. Hon-polar substituents
,
on the other hand, appear to have a more significant
stiffening effect when in the 1 and 3-positron. This was
best demonstrated in the case of H-H PVCH, where the Tg of
the H-H polymer was found 50<^C lower than that of H-T
PVCH. 5 In the case of polystyrene, the polarity of the
group and steric requirements are intermediate, the Tg
'
s
of atactic H-T, isotactic H-T and H-H polystyrene are
approximately the same.^^ See Table 1.
The values of the temperatures of maximum rate of
thermal degradation have suggested^^ that H-H and H-T
polymers have similar temperatures of maximum degradation
as long as hydrogen is the fourth substituent on the high-
ly substituted C-atom and no group larger than hydrogen is
a substituent in the 3-position. See Table 2.
Finally, it has been suggested^^ that ultimately,
when comparing H-H and H-T polymers, one could assign a
function of polar character or a steric factor to indivi-
dual side groups when more information on H-H and H-T
polymers becomes available.
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TABLE 1
GLASS TRANSITION TEMPERATURES OF H-H POLYMERSFROM DSC MEASUREMENTS
Polymer
Poly (methyl acrylate)
Poly (methyl cinnamate)
Poly (methyl crotonate)
Polypropylene
Poly (vinyl cyclohexane)
Polystyrene
Glass Transition
Temperatures °c
H-H
40
210
107
-24
88
97
H-T
12
160
80
-7
138
98
Ref
.
22
23
25
37,38
35
29
22
TABLE 2
MAXIMUM DEGRADATION TEMPERATURES
OF H-H POLYMERS
Polymer
Maximum Degradation
Temperature °c
H-H H-T Ref
.
Poly (methyl acrylate) 418 419 22
Poly (methyl cinnamate) 376 410 23
Poly (methyl crotonate) 383 410 25
Poly (vinyl cyclohexane) 433 441 35
Polystyrene 397 398 29
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1 / 3-Butadiene ' ~
A review of the polymerization of 2 , 3-dimethyl-
1,3-butadiene is included in this section because of its
relevance for the preparation of H-H polypropylene. The
following paragraphs present a brief treatment on some of
the early research on the polymerization of this monomer.
A thorough review of the 1 , 4-polymerization of 2,3-
dimethyl-l,3-butadiene then follows.
Most current research on diene polymerization^^
centers around isoprene, butadiene, and chloroprene, how-
ever some very early efforts dealt with the polymerization
of 2,3-dimethyl-l,3-butadiene. As early as 1900,
Kondokow^^ reported on the polymerization of 2 , 3-dimethyl-
1,3-butadiene, to a leathery material, by heating in the
presence of alcoholic potash. Whitby and Katz" have sum-
marized the work on the thermal polymerization of 2,3-
dimethy 1-1 , 3-butadiene
.
German researchers in World War I, in their ef-
fort to develop new synthetic rubbers devoted a great
deal of work on the polymerization of 2 , 3-dimethyl-l
,
3-
54butadiene. Commercial production of "dimethylbutadiene
rubbers" was established with the production of over 2000
5 5tons during the war. It was later shown that "methyl
rubber" was of inferior quality and its manufacture was
24
abandoned.
Patents^^"^^ and oanprQ^^"^^d a p pe s have appeared which
were concerned with the emulsion polymerization of 2,3-
dimethyl-l,3-butadiene. Good polymerization methods were
developed but the structure of the polymers was not im-
portant. Later, analysis of emulsion polymerized 2,3-
dimethyl-l,3-butadiene indicated^^
' that about 13% 1,2-
addition is present, the remainder of the structure con-
sisted of various amounts of cis and trans units.
Evaluation of the structure of poly ( 2 , 3-dimethyl-
butadiene) prepared by anionic systems was made initially
by Schue^^ and later by Yuki
, Okamoto and Takano.^'^ Work
of these authors has shown that polymerization of 2,3-
dimethyl-l,3-butadiene with butyllithium in nonpolar sol-
vents formed a polymer rich in 1,4-content. A polymer
rich in 1,2-linkages could be prepared by using the same
initiator in a polar medium. A temperature effect has
also been recognized , ^^"^^ the arrangement of 1,2-units
predominating at lower temperatures of polymerization.
An exhaustive study of the influence of many parameters
(temperature, solvent type, initiator concentration,
pressure) upon the microstructure of poly ( 2 , 3-dimethyl-
butadiene) prepared anionically has been recently re-
ported
.
Undoubtedly, high 1 , 4-structure is obtained by
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treatment of 2 , 3-dimethyl-i
, 3-butadlene with anionic
initiators under the appropriate conditions. But only
recently36„erethe cis and trans sequence distributions
worked out in Poly (2 , 3-dimethylbutadiene) prepared by
butyllithiu™ in hexane. This evaluation was mentioned
earlier and determined to be 74%-trans-l
, 4 , 23%-cis-l,4
and 3%-1,2-linkages.
Stereospecific coordination catalysts have found
widespread use in diene polymerizations and recent re-
„j_, 70-72 .views indicate that a considerable amount of litera-
ture is available on this subject. Most of the emphasis,
however, has been on butadiene and isoprene polymeriza-
tion
.
The first report of an attempt for stereospecific
polymerization of 2 , 3-dimethyl-l
, 3-butadiene was pub-
lished by Yen. ^3 He claimed that treatment of this
monomer with a tri-isobutyl aluminum/titanium tetrachlor-
ide Ziegler/Natta catalyst at an Al to Ti mole ratio of
1:1 (for 72 hrs.) produced the pure cis-1 , 4-polymer
. Con-
version was listed as 25-30% and inherent viscosities
ranged from 0.6-0.9 (measured on a 0 . 2 g/dL solution in
tetralin at 100°C)
. Confirmation of cis-1 , 4-structure
was not made by inspection of the NMR spectrum and the
structure assignment was based solely on infrared evi-
dence and comparative x-ray powder patterns.
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About a year later, Yen^^ reported the stereo-
specific polymerization of 2 , 3-dimethy 1-1 , 3-butadiene to
the all trans-polymer. This time the tri-isobutyl
aluminum/titanium tetrachloride was combined at an Al to
Ti ratio Of 1:4, all other factors of the polymerization
essentially the same. Conversion was not reported and in-
herent viscosities were listed at 0.5 to 1.3. Features
of infrared spectra and comparative x-ray powder patterns
were again used as major verification of the trans-
structure. It was also suggested that the melting point
of the trans-polymer, 253-259°C, compared to the cis-
polymer, 189-198°C, was a strong indication of different
micros tructure.
75 76Gaylord
' later studied the polymerization of
2,3-dimethyl-l,3-butadiene with tri-isobutyl aluminum/
titanium tetrachloride catalysts and made a slightly more
detailed evaluation of catalyst composition on polymer
microstructure. in contrast to Yen's finding, Gaylord
suggested that cis-1 , 4-poly ( 2 , 3-dimethylbutadiene) was
only formed when the Al component was in excess. Further-
more, some trans-1, 4-units were detected when the Al/Ti
ratio was 1:1.
77 7 8Carlson and Horne ' have investigated the
polymerization of conjugated diene hydrocarbons with simi-
lar catalysts and in a few cases studied 2 , 3-dimethy 1-1 , 3-
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butadiene. They suggested that the cis and trans ratio
of the polymer could be varied by the adjustment of the
Al to Ti ratio. Again, however, polymer microstructure
was only confirmed by infrared spectroscopy.
Assioma and Schue and co-workers^^ have analyzed
the structure of 1 , 4-poly ( 2 , 3-dimethylbutadiene) by in-
frared spectroscopy. These authors have found that when
infrared measurements are made carefully, agreement with
NMR analysis is possible. However this may not always be
so, as infrared estimates of polymer structure did not
always match NMR predictions.
Blondis, Regis and Prudhomme"^^ have employed high
resolution NMR in the study of cis and trans-1 , 4-poly-
(2,3-dimethylbutadiene) polymers prepared according to
7 3 74Yen.
' Their results support Yen's finding that his
polymers were either of the pure cis or pure trans struc-
ture .
Before ending this discussion, mention should be
made that a number of other methods^^"^^ have been used
for polymerizing 2 , 3-dimethy 1-1 , 3-butadiene . Among the
more novel methods have been radiation^^ and pressure
90induced polymerizations. At the present time, however,
stereospecif ic polymerization with Ziegler/Natta type
catalysts appear to be the most convenient method for the
preparation of pure cis or pure trans-1 , 4-poly ( 2 , 3-
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dimethylbutadiene)
.
V. Polymer Hydrogenation
A basic understanding of polymer hydrogenation
is a necessary requirement for the preparation of H-H
polyolefins by hydrogenation of 1,4 diene polymers. The
hydrogenation of polymers, mainly polymers of dienes
, has
been successfully carried out with (a) heterogeneous and
(b) homogeneous or soluable catalysts.
^^-i^^^^£2a£B£gHiJlZ^ catalysts
. The hydrogena-
tions of unsaturated hydrocarbons with heterogeneous
catalysts has been recently reviewed.^! Wicklatz^^ and
Moberly ^ have also summarized hydrogenation work with
particular emphasis on polymeric systems.
Activity for catalytic hydrogenation has been con-
firmed for the nine Group VIII metals, with nickel,
palladium and platinum being the most widely investigated.
Yakubchik and co-workers^^"^^ have studied the hydrogena-
tion of polybutadiene as well as natural and synthetic
polyisoprene using a supported nickel catalyst. Palladium
and platinum has also been used successfully for the
hydrogenation of diene polymers .
'
A common feature of many heterogeneous hydrogena-
tions of polymers are that high temperatures and high
pressures are required. In addition, high catalyst
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concentrations and long reaction ti.es are needed. A
final and serious problem
.n all polymer hydrogenations
wxth heterogeneous catalysts has been that hydrogenation
is accompanied by a serious side reaction of hydrogen-
olysrs Which results in a decrease in molecular weight at
the high temperatures and pressures employed.
^^-^^2ino2eneous_^^
comparison to hetero-
geneous catalysts, homogeneous catalysts have shown some
distinct advantages. 9^ Reaction temperature and hydrogen
pressure are low. Catalyst concentration is also low and
hydrogen is taken up very rapidly. Another advantage of
homogeneous hydrogenation is the relative ease of workup
and polymer isolation. To isolate the polymer from the
catalyst the hydrogenation solution is washed with an
organic solvent with dilute acid which destroys all
catalyst
.
A typical catalyst is prepared by mixing a metal
alkyl (AIR3 or LiBu) and an organic salt of the transi-
tion metal Ni, Co, Fe or cr . '
' The activity of
the catalyst has been shown to depend on the metal alkyl/
transition metal ratio, its concentration as well as
temperature and hydrogen pressure,
p 1 , 102 ,103 ^
^^-^ has recently shown the versatility of
the homogeneous type hydrogenation catalyst. Materials
hydrogenated included polybutadiene
,
polyisoprene and
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polystyrene.
As mentioned earlier Pr-,,^v.^ 38 ,ner, Prudhomme has hydrogenated
Poly(2,3-dimethylbutadiene). The catalyst used was a
homogeneous derivative of triethy lalumxnum and the
cobaltic salt of 4-cyclohexy Ibutanoic acid. The stereo-
chemistry Of hydrogen addition was considered and a slight
but Clear xnd.cation was that cis-addition of hydrogen was
favored. However, as mentioned earlier, a non-stereo-
specific addition of hydrogen was proposed.
James, in his review of homogeneous hydrogena-
tiohs, has found that in nearly all cases reported, the
overall addition appears to be cis. Trans additions were
observed only for a few select cases involving platinum
(II) and tin (ii) halides. Recent developments of
asymmetric homogeneous hydrogenation (employing optically
active rhodium complexes of the type RhClL^ , = optic-
ally active tertiary phosphine) were summarized, however,
applications on polymers have not yet appeared.
A recent report by Duck^°^ claims that heat-
moldable thermoplastics were manufactured by hydrogena-
tion of 2,3-dimethyl-l,3-butadiene polymer containing
nearly 40% 1 , 2- linkages
.
A homogeneous catalyst was used
for the hydrogenation, a combination of an aluminum and
nickel compound.
The selection of an appropriate hydrogenation
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system must be based on several factors. Most important
considerations in the preparation of H-H polyolefins is
to insure a non-destructive nature of the hydrogenation
reaction along with ease of isolation of the hydrogenated
polymer. At this point, it is clear that homogeneous
hydrogenation deserves additional evaluation.
VI. Initi al Efforts to Prepare Higher
H-H Polyolefins
A facile and reliable preparation of 2,3-disub-
stituted butadienes has been a desirable goal of synthetic
efforts as these compounds are the potential intermediates
for the synthesis of higher H-H polyolefins. Only a few
attempts at preparing such compounds have been made, they
are reviewed in the following section.
A. Initial efforts to prepare 2 , 3-diethyl-l
, 3-butadiene
.
The earliest preparation of 2 , 3-diethyl-l , 3-butadiene is
the work of Gostunskaya and co-workers''-^^ who studied the
dehydration of 3 , 4-dimethylhexanediol-3
, 4
.
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-C C-CH
(21)
(22)
(23)
These authors confi rmed that three diene hydrocarbon
were formed with the format
i
on of 2-ethyl-3-methyl-
resent in the largest quanti-
pentadiene-1,3 (Equation 22) p
ties
.
More recently, 37 it was shown that as a method of
preparing 2 , 3-diethyl-l
, 3-butadiene
, dehydration reactions
contain serious limitations. isomer separation of the
dienes in Equations 21-23 is extremely difficult and the
overall yield of desired product, 2 , 3-diethyl-l
, 3-buta-
diene, is very low and did not lead to a pure isomer. De-
hydration of 2,3-diethylbutanediol-2,3 was a useful method
of preparing 2 , 3-disubstituted dienes when there was no
a-hydrogen available on the side chain of the substituents
in the 2 and 3-position. For example, 2 , 3-diphenyl-l , 3-
butadiene^^ and 2 , 3-di-t-butyl-l
, 3-butadiene37 have been
prepared, in good conversion, from the dehydration of 2,3-
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diphenylbutanediol-2,3 and 2 2 3 d ^ ^ k/J d a
'^/^/3,4,5,5-hexamethylhexane-
diol-3,4.
Also briefly conside
tion of 1,2-diketones.
red was the bis-Wittig reac-
CoH^ C H
' '\ ' ' 2(C^H3)3P+-CH-X
// ^ >
O 0
C2H3
c-c
/ \ / ^
X H X H
The above reactions has been shown^°^
(24)
effective for the
case X = COOC2H3. Yields were relatively low and the
application to longer chain ket
lished.
ones has not been estab-
ii-C^Hsideration of pyrolysis reantinn. esters of
carboxylic ^cids. it has been shown that pyrolysis at
temperatures between 500 and 600°C with a short hold-up
time will cleave rapidly and without rearrangement ace-
tates to the olefin and acetic acid.^O'^ using this tech-
nique, olefins have been synthesized in good yields; oa-
alkanoic acids were obtained from lactones with numbers
of ring atoms more than six.^^^ Pyrolytic decomposition
of 1,5-pentanediol diacetate has been shown to provide a
new and convenient method of preparing the pure 1,4-
109pentadiene
.
the pyrolysis reactions,
A cyclic mechanism has been proposed for
110
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H ^ C
^ ^=^"2 CH3COH (25)
O
which accounts for Drimarw r^i^^^-x p y olefin formation and acetic
acid as a side product.
Applying the above reaction for the preparation of
2,3-diethyl-l,3-butadiene would require the preparation of
the appropriate diacetate.
^^^-^^^^^^-^-^^^^^^^^
a-tates. A number of synthetic routes are available for
the preparation of 2 , 3-disubstituted succinates which can
easily be converted to the acetate derivative. The use-
fulness of individual procedures depends on the type of
substitution on the succinate and the availability of the
starting material needed for synthesis .
' Recently^l^
a method has been developed which seemed generally ap-
plicable for the preparation of succinates symmetrically
substituted in the 2 and 3-position. zinc metal was used
(in the form of a zinc ribbon) activated with copper salts
for the condensation of a-haloalkanoic esters, especially
a-bromoesters. Moderate but not consistent yields were
reported for this zinc/copper couple.
Simmons and Smith^^^ have developed a method of
preparing reliably and reproducibly a zinc/copper couple
Which- was forced from activated
..nc dust and cupric
Chloride, this zinc/copper couple was utilized for the
preparation of cyclopropane derivatives .
^
An initial objective in establishing a synthetic
route to higher H-H polyolefins was to develop a general
and synthetic method for the preparation of larger quanti-
ties Of 2,3-diethyl succinate. Lithium aluminum hydride
reduction was expected to give 2 , 3-diethylbutanediol-l
, 4 .
This could then be converted to the acetate compound fol-
lowed by pyrolysis to the 2 , 3-disubstituted diene-1,3.
It was of additional interest to study the stereochemistry
of the succinate, diol and diene compounds.
CHAPTER II
EXPERIMENTAL SECTION—HEAD-TO-HEAD
POLYOLEFINS
I. Materials
The following chemicals were obtained from the
indicated sources.
Acetic Anhydride (E)
Ammonium Chloride (F)
Argon (M)
Azobisisobutyronitrile (A)
Benzene (F)
a-Bromobutyric Acid (A)
Calcium Hydride (F)
Cupric Chloride- 2H2O (F)
Decahydronaphthalene (A)
Deuterium Oxide (A)
o-Dichlorobenzene (E)
Diethyl Ether (F)
Dioxane (B)
2,3-Dimethyl-l,3-
butadiene (A)
Ethanol (F)
n-Heptane (F)
Hydrochloric Acid (V)
Hydrogen (M)
Isopropanol (F)
Lithium Aluminum Hydride (V)
Magnesium Sulfate (F)
Mercuric Bromide (F)
Methanol (F)
Nitrogen (M)
Phosphorus Pentoxide (F)
Sources: A = Aldrich Chemical Co.; B = J.T. Baker Chemical
Co.; E - Eastman Organic Chemicals; F = Fisher Scientific
Co.
; M = Merriam Graves Corporation; PB = Pfaltz and Bauer,
Inc. ; V = Ventron Corporation.
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Palladium 10%/Carbon (pb)
Polypropylene, isotactic (A)
Potassium Hydrogen Sulfate
(F)
Sodium Bicarbonate (F)
Sodium Hydroxide (F)
Tetrahydrofuran (A)
Tetrahydronaphthalene (E)
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Titanium Tetrachloride (V)
Tri-isobutyl Aluminum (E)
2,3,3-Trimethyl-l-butene (A)
Zinc, powder (F)
(Polypropylene-atactic was
supplied by Prof. Galli,
Mount Edison Research Dept
Ferrara Italy.)
II. Purif ication o f Solvents and Reagents
Distillations were carried out under using a 30
cm Vigreux column equipped with a variable reflux ratio
distillation head. Reduced pressure distillations were
carried out with magnetic stirring and a Cartesian-type
diver monostat.
Acetic anhydride was distilled (b.p. 136°C) im-
mediately before use.
Azobisisobutyronitrile (AIBN) was recrystallized
three times from dry methanol and dried for 24 hr at room
temperature at 0.01 mm.
a-Bromobutyric acid was distilled immediately be-
fore use.
Cupric chloride dihydrate was dried in a vacuum
oven (100°C, <1 mm) to prepare anhydrous cupric chloride.
Decahydronaphthalene (decalin) was heated under
reflux overnight over sodium, distilled under reduced
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pressure (b.p. 56"c/6 „™, and stored over sodium.
o-Diohlorobenzene was distilled (b.p. 178»C) be-
fore use.
2,3-Dimethyl-l,3-butadiene (DMB) was distilled
twice from CaH^ (b.p. 68-69 = C) i^ediately before use.
n-Heptane was heated under reflux overnight over
sodium/potassium benzophenone and distilled immediately
before use (b.p. 98-99°c)
.
Tetrahydrofuran (THF) was heated under reflux
overnight over lithium aluminum hydride and distilled
(b.p. 67°C) immediately before use.
Titanium tetrachloride (TiCl^) was distilled
(b.p. 136-137°C) and stored under nitrogen.
Tri-isobutyl aluminum [Al(iBu)3] "^^^ distilled
under reduced pressure (b.p. 86°C/10 mm) and stored under
nitrogen prior to use.
Zinc powder was activated as follows: Zinc (250 g)
was stirred with 600 ml of 2.5% hydrochloric acid for about
1 min; the zinc was collected and washed in a beaker with
one 600 ml portion of 2.5% hydrochloric acid, three 600 ml
portions of distilled water, two 400 ml portions of ethanol
and with one 400 ml portion of diethyl ether. The acti-
vated zinc powder was dried in a vacuum oven (100°C/1 mm).
All other solvents and reagents were used as re-
ceived.
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1 f 3-butadienf^ "
rom
e
^"-"-^^^^^^^^-^-^-^^-^^ The polymeri-
zation vessel (150 .1 Schlenk tube) fitted with a magnetic
stirrer was dried overnight at 120oc. it was then alterna-
tively evacuated (to 0.1 nun), flamed out while under vacuum
and filled with pre-purified dry nitrogen. After this
cycle of evacuation and filling with nitrogen, 50 ml of dry
n-heptane was distilled into the Schlenk tube, which was
closed with a serum stopper and maintained under a purge of
slight positive nitrogen pressure. with stirring, Al(iBuJ3
(0.06 g, 0.3 mmole) was added with a dried nitrogen purged^
syringe. A solution of 9.5 ml of n-heptane and TiCl
4
(0.86 g, 4.5 mmole) was prepared, under nitrogen, in a 4
dram vial closed with a serum stopper. Injection of 0.33
ml of this solution into the polymerization tube [TiCl^
(0.03 g, 0.015 mmole)] resulted in the formation of the
dark brown heterogeneous slurry. The catalyst solution
was aged for 25 min, twice distilled, 2 , 3-dimethyl-l
,
3-
butadiene (DMB) (5.0 g, 61 mmole) was added with a syringe,
and the polymerization was allowed to proceed for 24 hrs;
at the end of this period the reaction mixture appeared
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Viscous. The polymerization was then terminated hy the
addition Of iO
.1 Of methanol containing lo» concentrated
HCl and a light yellow precipitate formed. The contents
Of the tube was poured into 50 ml of methanol and the sus-
pension was filtered and washed with methanol (5 k 20 ml,
The white polymer was dried in the Abderhalden apparatus
at 0.1 mm and lOO^C for 12 hrs. This procedure gave 0.04
g (0.8%) Of cis-l,4-poly-2,3-dimethylbutadiene (cis-PDMB)
with an inherent viscosity of 0.43 dL/g ,0.1% m tetralin,
100»C). The infrared and ^mr were identical to those
described in Experiment IlI-A-3 (see p. 41 ) .
2- lTiCl4l = 4.9 mmole/mole monomer
. The poly-
merization vessel, a 150 ml Schlenk tube, was prepared as
described above and 50 ml of dry n-heptane was distilled
directly into the tube, with stirring, AKiBujj (0.12 g,
0.6 mmole), and 0.66 ml of 5% TiCl^ solution (which con-
tained 0.06 g, 0.3 mmole TiCl^) were added. The dark
brown heterogeneous slurry was aged for 25 min and the
tube was then charged with DMB (5.0 g, 61 mmole). After
24 hrs at 25°c, the polymerization was terminated by the
addition of 10 ml of methanol containing 10% concentrated
HCl. The light-yellow polymer suspension was poured into
50 ml of methanol, filtered, washed with methanol (5 x 20
ml) and dried in the Abderhalden apparatus at 0.1 mm and
100»C for 12 hrs. A total of 1.3 g (27.9%) of polymer was
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recovered with an inherent viscosity of 0.90 dL/g (0.1%
in tetralin, 100°C). The infrared and ^^C NMR spectra
were identical to those described in experiment Ili-A-3
(see p. 41). Differential scanning calorimetry (DSC)
studies indicated the onset of melting at lei^C, and a
maximum in the melting endotherm at 185«C. The glass
transition temperature (Tg) was found to be around 2°C,
becoming visible only after melting and quenching.
Thermogravimetric analysis showed initial weight loss at
287«C; differential thermogravimetric studies indicated
maximum rate of weight loss at 378°C.
—
—tTiCl4] ^ 8.0 mmole/mole monomer
. Into a clean
dry 150 ml Schlenk tube was distilled 50 ml of dry n-
heptane. with stirring, Al(iBu)3 (0.19 g, 0.98 mmole) was
added with a nitrogen purged syringe followed by TiCl^
(0.09 g, 0.49 mmole). After 25 min, DMB (5.0 g, 61 mmole)
was added and this polymerization was allowed to proceed
for 24 hrs at 25°C. Addition of 10 ml of methanol con-
taining 10% concentrated HCl terminated the polymerization.
The polymer suspension was then poured into 50 ml of
methanol and this suspension was filtered, washed with
methanol (5 x 20 ml) and dried in the Abderhalden apparatus
at 0.1 mm and 100°C for 12 hr. cis-PDMB was obtained in
2.2 g yield (44%); inherent viscosity of 0.90 dL/g (0.1%
in tetralin, 100°C) . The infrared spectrum (KBr pellet)
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showed strong absorptions in the region 3000 to 2800 cm"!
(2963-, 2918-, and 2850 cm-^ (v
-CH v
-CH .nH
^ as ^"3' ^as ^^2
V3-CH3). Additional strong absorptions were observed at
1463 and 1377 cm-^ (6^^-CH3 and 63-CH3). Weak and moder-
ate absorption was observed at 1250, 1200, 1150 and 1120
cm (C-C skeletal vibrations). See p. 266. The ^^C NMR
spectrum (o-dichlorobenzene
, 90°C, 24,600 transients)
showed single absorptions at 6 = 128.81 (-C=C) , 6 = 34.04
(-CH^-) and 6 = 18.84 (-CH3). See p. 283. Differential
scanning calorimetry on virgin polymer indicated the on-
set of melting at 162«>C, the maximum in the melting endo-
therm was observed at 191°C. Successive scans showed two
maximums in the melting peaks at 184 and 191°C. The Tg
was observed at 2°c. Thermogravimetric analysis indicated
the beginning of weight loss at around 287°C. Differen-
tial thermogravimetric studies indicated a maximum rate of
weight loss at 379°C.
4. [TiCl4] = 10.5 mmole/mole monomer . A clean dry
flamed out and nitrogen purged Schlenk tube was charged
with (by direct distillation) 50 ml of dry n-heptane.
Al(iBu)3 (0.25 g, 1.3 mmole) and TiCl^ (0.12 g, 0.64 mmole)
were added with dry nitrogen purged syringes, and the brown
heterogeneous suspension stirred for 25 min. Freshly dis-
tilled DMB (5.0 g, 61 mmole) was added with a syringe, and
the polymerization was allowed to proceed for 24 hrs.
43
Additi-on Of 10 „1 of methanol containing 10% concentrated
HCl terminated the polymerization, and the contents of the
tube were poured into 50 ml of methanol rvu^uj. n i. The polymer was
removed by filtration, washed with methanol (5 x 20 ml),
and dried in the Abderhalden apparatus at 0.1 mm, 100<>C;
yield 33 g (65%), inherent viscosity 0.52 dL/g (0.1% in
tetralin, 100°C)
.
The infrared and
..^R spectra were
identical to those described in experiment III-a-3 (see
p. 41).
—
—tTiCl4] = 15.0 mmole/mole monomer
. Into a
flamed out nitrogen purged 150 ml Schlenk tube was dis-
tilled 50 ml of n-heptane. with nitrogen purged syringes
and stirring, Al(iBu) (0.36 g, 1.82 mmole) and TiCl
-> 4
(0.17 g, 0.91 mmole) were added, the brown heterogeneous
suspension was aged for 25 min. 2 , 3-Dimethyl-l
, 3-buta-
diene (5.0 g, 61 mmole) was added with a syringe, and the
polymerization was allowed to proceed for 24 hrs. The
reaction was terminated by addition of 10 ml of methanol .
containing 10% concentrated HCl. The off-white polymer
suspension was poured into 50 ml of methanol, filtered,
washed with methanol (5 x 20 ml) and dried in the Abder-
halden apparatus at 0.1 mm, 100°C; yield 2.4 g (49%), in-
herent viscosity 0.60 dL/g (0.2% in tetralin, 100°C) . The
infrared spectrum (KBr pellet) showed absorptions at 2963,
2918, and 2850 cm"-"- (v -CH^, v^^-CH„, v
-CHJ . At 1463
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-1and 1377 cm" strong absorptions were observed for 6
-CH
and 6^-CH3.
^^^^^P^ion due to C-C
, weak to moderate
in intensity, appeared at 1250, 1200, 1150, and 1120 cm-\
See p. 267. c NMR (o-dichlorobenzene
, 90°C, 7500
transients) showed 6 = 128.79 (-c=C) , 6 = 34.01 (-CH^-)
and 6 = 18.81 (-CH3). See p. 284. DSC for virgin polymer
indicated the onset of melting at 161oc, with a maximum in
the melting endotherm at 189°C. Upon rescanning, two
melting endotherms were observed at 182 and 190°C. The
glass transition was observed at 2°c. Thermogravimetric
analysis indicated an initial weight loss at around 283°C;
differential thermogravimetric studies revealed a maximum
in rate of weight loss at 211°C.
6-8. [TiCl4] = 20 ,22, and 40 mmole/mole monomer
.
Following the same experimental procedure of 1, different
desired amounts of catalyst were employed at described in
Table 3.
B. Large scale preparation of cis-1 , 4-poly ( 2 , 3-dimethyl-
butadiene)
.
A large size Schlenk tube (approximately 800
ml capacity) was dried overnight at 120°C. The tube was
then alternatively evacuated to 0.1 mm, flamed out, and
filled with pre-purified dry nitrogen. This cycle was
repeated three times. Distilled directly into the tube,
under nitrogen, was 500 ml of n-heptane. The tube was then
fitted with a magnetic stirrer and a serum stopper.
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TABLE 3
PREPARATION OF CIS- 1 , 4-POLY ( 2
, 3
DIMETHYLBUTADIENE)
^
Number
Monomer
g
Catalyst'^
Amount in mg g
Yield
% "^inh^
6 5.0 480/230 1.6 32 0.09
7 7.3 690/330 1.0 14 0. 05
8 5.0 960/460 0.2 4 0.04
Reaction temperature: 25°C; Reaction time: 24 hrs
•
Solvent: n-Heptane (50 ml).
'initiator type Al(iBu) 3/TiCl4 ; order of mixing Al/Ti/Monomer. Catalyst aged 25 minutes.
I
0.1 g/dh, tetralin, 100°C.
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Al(iBu)3 (1-9 9.8 mmole) and TiCl^ (0.93 4.9 mmole)
were added via syringe under a positive nitrogen purge of
slight pressure. The dark heterogeneous slurry was aged
for 25 min. dmb (50 g, 0.61 mole) was added with a
syringe, and the polymerization was allowed to proceed for
24 hrs. ([TiCL4] = 8 mmole/mole monomer). The polymeri-
zation was terminated by the addition of a large excess of
methanol (500 ml) containing 10% HCl. The polymer was
isolated by filtration, washed repeatedly with methanol
(5 X 50 ml) and dried in the Abderhalden apparatus at 0.1
nm, 100°C; yield 5.0 g (10%); inherent viscosity 0.7 dL/g
(0.1% in tetralin, 100°C) . Infrared and ^^C NMR spectra
of the polymer (see p. 268 and p. 285) were the same as
those for experiment III-A-3. See p. 41. Thermogravi-
metric analysis indicated the onset of weight loss at
around 280°C; differential thermogravimetric analysis in-
dicated a maximum in the rate of weight loss at 383*'C.
C. Preparation of trans-1 , 4-poly ( 2 , 3-dimethylbutadiene
from heterogeneous tri-isobutylaluminum/titanium tetra-
chloride catalysts at an Al/Ti ratio of 1:2 and varying
[TiCl^ ]
.
1. [TiCl4] = 5 mmole/mole monomer . Into a clean
dry 150 ml Schlenk tube was distilled 50 ml of n-heptane.
Into the tube was placed a magnetic stirrer and it was
closed with serum stopper. Al(iBu) (0.03 g, 0.15 mmole)
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and Ti-Cl^
,0.05 g, 0.30 n^ole, were added with a syringe.
The dark heterogeneous slurry was aged for 25 „in. Fresh-
ly distilled DMB (5.0 g, 61 ™ole) was injected and the
polymerization allowed to proceed for 24 hrs. At the end
of this period, 10 ml of methanol containing 10% concen-
trated HCl was injected, the polymer suspension poured into
50 ml of methanol. The product was isolated by filtration,
washed with methanol (5 x 20 ml), and gave a white ma-
terial; yield 4.0 g (80%), inherent viscosity 0.7 dL/g
(0.1% in tetralin, 100<>C) . The infrared spectrum (KBr
pellet) showed strong absorption from 2960 to 2940 cm"^
'^as"™3' ^"'^ ^as"™2'- Additional strong absorption bands
were observed at 1459 cm'^ and 1370 om"^ («
-CH and
cSg-CH3). ^^^^ to moderate absorption bands were detected
at 1220, 1150 and 1120 cm"^ (C-C skeletal vibrations).
See p. 269. Overnight annealing at 130°C in the differ-
ential scanning calorimeter, followed by quenching, gave
rise to a well defined Tg of 22 °C. Thermogravimetric
analysis indicated the onset of weight loss at around
280°C; differential thermogravimetric analysis showed a
maximum in rate of weight loss at 377°C.
2 [TiCl4] = 10 mmole/mole monomer . A 150 ml
Schlenk tube was prepared as described earlier and 50 ml
of n-heptane was distilled into the tube, followed by an
injection of AKiBu)^ (0.06 g, 0.3 mmole) and TiCl^ (0.12
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g, 0.6-mmole). The reactxon slurry was aged for 25 min.
DMB (5.0 g, .61 nunole) was added and the polymerization
allowed to proceed for 24 hrs. The reaction was terminated
by addition of 10 ml of methanol containing 10% concen-
trated HCl, and the contents of the tube was poured into
50 ml of methanol. The white polymer suspension which
separated was filtered, the polymer washed with methanol
(5 X 20 ml) and dried in the Abderhalden apparatus at 0 .
1
mm and lOO^C for 12 hrs.; polymer yield 2.8 g (56%), in-
herent viscosity 0.45 dL/g (0.1% in tetralin, 100°C) . The
infrared spectrum (KBr pellet) revealed strong absorptions
at 2960, 2920, and 2860 cm"! (v^3-CH3, v^^-CH^
, V3-CH3)
.
Strong absorption bands were also observed at 1463 and 1370
cm (6a3-CH3 and 63-CH3)
. Weak to moderate absorption
bands were noticed at 1220, 1150, and 1120 cm"^ (C-C
skeletal vibrations). See p. 270. ^^c NMR (o-dichloro-
benzene, 90°C, 3500 transients) showed single-chemical
shifts at 6 = 128.85 (-C=C) , 6 = 33.90 (-CH2-) and 6 =
18.44 (-CH3). See p. 286. DSC showed a glass transition
temperature of 7°C. Thermogr avimetric analysis indicated
the onset of weight loss at around 280°C; differential
gravimetric analysis showed a maximum in rate of weight
loss at 383°C.
3. [TiCl4] = 15 mmole/mole monomer . A 150 ml
Schlenk tube was prepared as described earlier, and charged
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with 50 ml Of n-heptane, Al(iBu)3 ^'''^ ^' 0.46 mmole) and
TiCl, (0.17 g, 0.91 rmnole)
. After 25 znin., with stirring,
freshly distilled DMB (5.0 g, 61 mir.ole) was added and the
polymerization was allowed to proceed for 24 hrs. The
polymerization was terminated by adding 10 ml of methanol
containing 10% HCl. The suspension was filtered, washed
with methanol and dried in the Abderhalden apparatus at
0.1 mm and lOO^C for 12 hrs and gave 2.7 g (54%) of
trans-PDMB of an inherent viscosity of 0.65 dL/g (0.1% in
tetralin, 100°C)
.
Infrared and ^^C NMR spectra were iden-
tical to those found in experiment III-C-2. See p. 47.
DSC revealed a glass transition temperature at 12°C.
Thermogravimetric analysis showed the onset of weight loss
at around 280°C; differential thermogravimetric analysis
showed a maximum rate of weight loss at 383°C.
4,5. [TiCl4] = 22 and 3 0 mmolQ/mole monomer . Follow-
ing the same general technique described earlier in Experi-
ment III-C-1 (see p. 46), different amounts of catalysts
were used for the polymerization of DMB. Details of the
reaction conditions are summarized in Table 4.
D. Large scale preparation of trans-1 , 4-poly ( 2 , 3-dimethvl-
butadiene)
. The technique of experiment III-B (see p. 44)
was employed for the polymerization of 2 , 3-dimethyl-l , 3-
butadiene to 1,4-trans polymer except for the following
exceptions: the catalyst amounts used were: AKiBu)^ (0.9
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TABLE 4
PREPARATION OF TRANS- 1 , 4 -POLY ( 2 ,
3
DIMETHYLBUTADIENE)
a
Monomer Catalyst
Number g Amount in
b
mg
Yield
n • ^ c
4 7.3 170/330 5.2 71 0. 32
5 5.0 180/350 2.4 47 0.27
Reaction temperature: 25°C; Reaction time: 24 hrs-Solvent: n-heptane (50 ml).
'initiator type Al ( iBu) 3/TiCl4 ; order of mixing Al/Ti/Monomer. Catalyst aged 25 minutes.
0.1 g/dL, tetralin, lOCC.
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4.6 mmole) and TiCl^ (I.7 9.1 mmole, [TiCl^] = 15
mmole/mole monomer). After washing with methanol and
drying overnight in the Abderhalden apparatus at 0 . 1 mm
and lOOoc, 14.0 g (30%) of trans-PDMB was obtained, in-
herent viscosity 0.55 dL/g (0.1% in tetralin, lOO^C)
. In-
frared and ^^C NMR spectra were identical to those de-
scribed in experiment III-C-2 (see p. 47). Thermogravi-
metric analysis indicated the onset of weight loss at
284°C; differential thermogravimetric analysis indicated
a maximum in rate of weight loss at 376«>C.
E. Preparation of cis-poly ( 2 , 3-dimethylbutadiene) from
heterogeneous tri-isobuty laluminum/titanium tetrachloride
at an Al/Ti ratio of 1:1 .
Procedure
. Glassware and reagents were dried as
described earlier. A 150 ml Schlenk tube was charged with
50 ml of n-heptane, Al(iBu) (0.24 g, 1.2 mmole) and TiCl,
(0.23 g, 1.2 mmole, [TiCl^] = 20 mmole/mole monomer).
After 25 min, 2 , 3-dimethyl-l , 3-butadiene was injected (5.0
g, 61 mmole) and the polymerization was carried out for 24
hrs. At the end of this period the polymerization was
terminated and after the usual workup 27 g (54%) of polymer
was recovered and had an inherent viscosity 0.04 dL/g
(0.1% in tetralin, 100°C) . The infrared spectrum (KBr
pellet) showed strong absorptions at 2963, 2918, and 2850
cm (^^g-CH^,
^3s~^^'2' ^s~*^^3^* Strong absorption bands
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were also found at 1465 and 1375 cm'^ (6^^-CH3
^3-CH3)
.
weak to moderate absorptions were observed at 1250, 1200^
'''' ^^-^ ^^^^-^-1 vibrations). See p. 271. The
C NMR spectrum of the polymer (o-dichlorobenzene
, 90°C,
25,000 transients) showed single peaks of chemical shifts
at 6 = 128.81 (-C=C) and 6 = 34.03 (-CH^-)
. Two addition-
al peaks were also observed, one at 6 = 18.83 and the other
at 6 = 18.44 (-CH3, cis and trans isomers). See p. 287.
F. Poly-2,3(dime thylbutadiene) from azobisisobutvronitrile
(AIBN)
.
Procedu re. A clean and dry polymerization tube was
charged with freshly distilled DMB (2.9 g, 35 mmole) and
AIBN (110 mg, 6.7 x lo"! mmole), and flushed with nitrogen.
The tube was then degassed by five freeze-thaw cycles at
0.01 mm, sealed at 0.01 mm, and placed in a constant tem-
perature bath at 65°C. Polymerization was allowed to pro-
ceed for 72 hrs. The tube was then opened and the contents
poured into 2 5 ml of methanol. Evaporation of the methanol
by a steady stream of nitrogen, followed by overnight dry-
ing in the Abderhalden apparatus (0.1 mm, 100 °C) gave a
very small amount of tacky polymer. The infrared spectrum
(film on NaCl plate) indicated strong absorption at 2960,
2920 and 2860 cm
-1
^^as~^^3' ^s~^^2' ^s"^^3^- Additional
strong absorption peaks were observed at 1455 and 1370 cm-1
^<^as~^^3 '^s~^^3^' J^oderate absorption was also seen at
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890 cm~l (6 = CH ). see p. 272. The ^^r mmp^ ^ • in c NMR spectrum
(o-dichloroben.ene, 90«c, 27,000 transients) showed
Chemical shifts at S = 128.87
,-c=c-,
, ,
= 34.60, 33.96,
33.47 (-CH,-, ct, tt, to and 6 = 18.86, 18.52 (-CH3, cis
and trans)
. See p. 288.
CIS and Trans-l,4-Polv (2 .T=
dimethylbutadieneT '
A^_Exploratory hydroqenations
.
l^-ll2cedure_l. a 300 ml glass liner was thor-
oughly cleaned and dried overnight at 120«C, placed in a
nitrogen filled gloye bag, and allowed to cool to room
temperature. it was filled with 80 ml of dry decalin,
followed by 0.4 g of cis-PDMB (n,^^ = 0.60). In a 100 ml
round bottom flask (dried overnight at 120°^ fitted with
a magnetic stirrer and transferred to the glove bag) was
placed 5 ml of dry decalin, cobalt-2-ethylhexanoate (1.5 g,
4.3 mmole (1.5 mmole Co) and Al(iBu)3 ^^-^^ 9' 5. 8 mmole).
This catalyst solution, dark brown in color, was allowed
to react for 10 min. it was then poured into the glass
liner containing the polymer solution and the liner was
inserted into the autoclave. After sealing the reactor,
the apparatus was removed from the glove bag, flushed with
hydrogen and charged to 100 p.s.i. The autoclave was
heated to 120°C with stirring at 50-75 r.p.m. for 2 hrs.
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At the end of this period the reactor was allowed to cool
and the pressure was released. The dark, war™ solution
was twice filtered through a stea™-jacketed funnel con-
taining filter paper and Celite 545 filter aid. Decalin
was removed to one half of its original volume and the
remaining polymer solution (approx. 20 ml) was slowly
added to 50 ml of cold acetone. Only a very small amount
of an off-white tacky polymer precipitated.
2
.
Procedure. Hydrogenation was conducted ac-
cording to procedure 1 with the following changes in re-
agents and amounts; cis-PDMB (0.57 g, 70 mraole, n- . =0.6
dL/g) and cyclohexane (115 ml) were placed in the'auto-
clave; the catalyst solution, cobalt-2-ethylhexanoate
(2.02 g, 5.1 mmole, 2.1 mmole Co) and Al (iBu) (1.63 g,
0.8 mmole) was prepared in 10 ml of cyclohexane and added
to the reactor. Reaction conditions for the hydrogenation
were: 2 hrs at 50«C, 100 p.s.i. pressure, with gentle
stirring. Workup consisted of pouring reaction solution
into 100 ml of methanol containing 10% concentrated HCl.
The polymer precipitated and the crude hydrogenation
product was filtered, dissolved in hot decalin (25 ml) and
reprecipitated into isopropanol, filtered, dried in an
Abderhalden apparatus overnight at 0.1 mm and 100°C.
Polymer yield was 0.45 g (80%), the infrared and ^^C NMR
spectra were identical with that of the starting diene.
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3. Procedure 3
. m a 250 ml round bottom flask,
under nitrogen, cis-PDMB (0.4 g, 4.8 mmole, n- = 0 60
dL/g) was dissolved in 80 ml of decalin at 100°C. The
catalyst solution was prepared by allowing to react
cobalt-2-ethylhexanoate (1.43 g, 4.1 mmole, 1.5 mmole Co)
and Al(iBu)3
^1-1^ 9' 5.8 mmole) in 7.5 ml of decalin.
The polymer and catalyst solution were poured into the
autoclave (operation carried out in the glove bag) and
the reaction was carried out at 100°C and 100 p.s.i. H
2
pressure for 2 hrs. The solution was then added dropwise
to one liter of isopropanol containing 10% concentrated
HCl. The polymer which precipitated was in a dark-blue
solution, which was filtered and gave a light-blue, tacky
product. This material was dissolved in hot decalin and
reprecipitated from isopropanol containing 10% concen-
trated HCl. This procedure was followed 3 times. Final-
ly, the product was dissolved in hot decalin, reprecipi-
tated in isopropanol, the suspension filtered, washed with
10% HCl, 10% sodium bicarbonate, water, methanol, and
dried in an Abderhalden apparatus at 0.1 mm, 100°C. A
white tacky material (0.35 g, 88%) was obtained. The
infrared spectrum (film on NaCl plate) showed absorptions
from 2960 to 2850 cm""'- (n^^-CH^, n^-CH^ and n -CH^).
strong absorption bands were also observed at 1460 and
-1 1 ^1380 cm (<5as~*^"3 '^s"^^3^ * P* '^^^ ^
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spectrum showed six major peaks of chemical shifts (two
for each carbon atom) at 6 = 38.73, 37.86 (-CH-)
, 6 =
33.55 (-CH^) and 6 = 17.15, 15.20 (-CH3). See p. 289.
B. Preparative hydrogenations of ni
12,3-dimethYlbutad ienel. Hydrogenations were carried out
according to the general procedure 3 above; the amounts of
reagents are listed in Table 5.
y. Heterogeneous Catalytic Hydroaenat i nn ofPoly j-dimethylbutadiene)"
Cis-PBMD (0.4 g, 4.9 mmole) was dissolved in 80 ml
of decalin at 100°C. This solution was transferred to the
autoclave. Pd/carbon (0.33 g) was added, the autoclave
sealed, flushed with hydrogen, and pressurized to 920
p.s.i. The temperature of hydrogenation was 130°C (H
pressure rising to 1020 p.s.i.) and the reaction was
carried out with moderate stirring for 24 hrs. At the end
of this period the reactor was allowed to cool, the pres-
sure was released, and the black solution filtered through
a steam-jacketed funnel containing filter paper and Celite
545 filter aid, to remove the catalyst. The Celite cake
was washed with hot decalin (2 x 50 ml) to recover any
polymer that might have precipitated. The decalin was
removed on the rotary evaporator, and a tacky off-white
film was left in the bottom of the flask. Recovery was
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0-17 g (43%), the polymer had an inherent viscosity of
0.32 dL/g (0.1% in tetralin, 100°C) . The ^^C UMR spectru
showed chemical shift peaks at 6 = 38.57, 37.79 (-CH-)
,
6 - 33.70, 31.66 (-CH^), 6 = 19.17 (?), and 6 = 17.26,
15.07 (-CH3)
. See p. 290.
VI. Preparation and Polymerization of
2 , 3-Diethyl-l, 3-Butadiene
A. Ethyl-g-bromoburyrate. Into a 3 liter 3 neck round
bottom flask was placed a-bromobutyric acid (500 g, 2.9
moles) with ethanol (600 g, 12.9 moles), benzene (1200 ml)
and concentrated sulfuric acid (15 ml). The flask was
fitted with a reflux condenser and a Dean-Stark trap and
heated to reflux with a steam bath. Over a period of 12
hrs a total of 4 0 ml of water was removed. The reaction
mixture was concentrated by removal of 1.3 liter of sol-
vent through the Dean-Stark trap. It was then transferred
to a 2 liter separatory funnel, washed with 1 liter of
water, 1 liter of 1% NaHCO^ , and finally with 1 liter of
water. The solution was dried over sodium carbonate,
filtered, concentrated on the rotary evaporator, and dis-
lie
tilled under reduced pressure (b.p. 61°C/10 mm) to give
494 g (84%) of ethy1-a-bromobutyrate . The infrared spec-
trum displayed an absorption band centered at 1741 cm""""
(v-j^ C=0)
. See p. 274. The "'"H NMR spectrum (CCl^ solution)
showed chemical shifts of 6 4.1-3.8 (CH and OCH2) , 6 =
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2.0-1.65 (CH^) and 6 = 1.2-0.8 (CH3). See p. 291.
^^-^^^^^^^^Ozl^l^^i^^ p.eshly distilled THF
(3.0 liters) was placed in a 5 liter, 3-neck round bottom
flask fitted with a reflux condenser, a mechanical stirrer
and a dropping funnel. Anhydrous cupric chloride (344 g,
2.6 mole) was added to the THF with vigorous stirring.
The volume of the cupric chloride crystals increased sub-
stantially and their color changed from brown to orange.
Activated Zn powder (167 g, 2.6 mole) and a small amount of
mercuric bromide were added to the mixture followed by the
dropwise addition of ethyl-a-bromoburyrate (250 g, I.3
mole). After the addition was complete, the mixture was
heated under reflux for 2 hrs and left overnight at room
temperature, which allowed the solids to precipitate and
settle. The clear supernatant solution was decanted and
most of the THF was removed under reduced pressure on a
rotary evaporator. As the solution was concentrated, white
solid zinc bromide precipitated. The solution was again
decanted and transferred into a separatory funnel; the
metal salts in the reaction flask were washed with ether
and the washings were added to the liquid in the separa-
tory funnel. The ethereal solution was washed with dilute
HCl, and a NaHCO^ solution; a white precipitate (undoubted-
ly Zn salts) which had formed was brought into solution by
adding a saturated ammonium chloride solution; the organic
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solution was then washed with water. The ether layer was
separated, dried with anhydrous magnesium sulfate, filter-
ed and concentrated on a rotary evaporator. The residue
was distilled under reduced pressure and pure diethyl 2,3-
diethylsuccinate was obtained in 38% yield (56 g) ; b.p.
110°C/10 nm.ll' IR (neat): 1729 cm'! (v C=0)
. See p. 275.
NMR (CDCI3, 10%), 6 = 4.1, 2.6 and 0.7-1.9 ppm. gee
p. 292.
C^,3-Diethylbutanediol-1
.4. Lithium aluminum hydride
(LAH) (75.3 g, 2.0 mole) and 1.8 liter of anhydrous di-
ethyl ether were placed in a 5 liter flask fitted with a
reflux condenser, a dropping funnel and a mechanical
stirrer. Diethyl 2 , 3-diethylsuccinate (225 g, 1.0 mole)
was dissolved in 300 ml of diethyl ether and the solution
was added dropwise over a period of 3 hrs with stirring to
the LAH solution which was cooled to 0°C. After the addi-
tion was complete, the reaction mixture was heated to re-
flux for 1 hr, the flask was cooled in an ice bath; 75 ml
of 15% NaOH and 75 ml of water were added dropwise with
cooling and vigorous stirring. The mixture was stirred at
room temperature for 1 hr and the white granular precipi-
tate was filtered and washed with ether. The ether solu-
tions were dried, concentrated under reduced pressure and
the residue was distilled; yield: 131 g (90%); b.p. IIO'^C/
0.1 mm."'-"'"^ IR (neat): 3290 cm"""" (v OH), 1040 cm""'- (v C-0) .
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See p. 276. NMR (CDCI3, xo%, 6 = 4.8, 3.9-3.3, and
1.9-0.7 ppm. See p. 293.
D^reparation
_of_^^4-diet^^
^ 25 ml
round-bottom flask equipped with a 10 cm Vigreux column,
a condenser, receivers, a nitrogen inlet tube and a drop-
ping funnel containing 2 , 3-diethylbutanediol-l
, 4 (5.0 g,
0.034 mole) was filled with 0.46 g of powdered potassium
hydrogen sulfate. The system was evacuated to 0 . 1 mm, the
pressure brought to 50 mm with nitrogen gas and the flask
heated to 180°C. With magnetic stirring of the potassium
hydrogen sulfate the diol was slowly and dropwise added
while the flask temperature was maintained at 180-200°C.
After the addition was completed and the distillation of
the volatile products had stopped, the pressure of the
system was reduced to 20 mm. The yield of 3,4-diethyl-
tetrahydrofuran was 2.0 g (47%); b.p. 45°C/20 mm."^^^
H NMRIR (neat): 1050 cm -' (v C-O-C) . See p. 277.
(CDCI3, 10%): 6 = 3.9, 3.5, 2.15, 1.7-0.7 ppm. See p. 294.
E. 2 , 3-Diethylbutanediol-l , 4-diacetate
. 2 , 3-Diethylbutane-
diol-1,4 (124 g, 0.85 mole) was heated to 140°C in a three-
neck flask equipped with a dropping funnel, a reflux con-
denser, and a thermometer, acetic anhydride (190 g, 1.8
mole) was added dropwise through the dropping funnel over
a period of 2 hrs. After an additional 2.5 hrs of stirring
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at 140°C, the mixture was cooled and fractionally distilled
under reduced pressure. Initially, most of the acetic acid
and the excess acetic anhydride were removed under an
aspirator vacuum. The diacetate was distilled, b.p SS^c/
119 v^
0.1 mm, and obtained xn 98% yield (191 g) . ir (neat)
:
1740 cm-1 (V C=0). See p. 278. NMR (CDCI3, 10%): 6 =
4.1, 2.0, and 1.8-0.8 ppm. See p. 295.
F. Pyrolysis of 2 . S-diethylbutanediol-l
, 4 diacetate; 2.3-
diethyl-l,3-butadiene
. A Vicor pyrolysis tube was kept
at.525-530°C under a gas flow of 5 liter/hr of oxygen-free
nitrogen. One ice-water tap (Tl) and 3 Dry Ice/isopropanol
traps (T2, T3 and T4) were placed at the exit side of the
pyrolysis tube. 2 , 3-Diethy lbutanediol-1
, 4 diacetate (191
g, 0.83 mole) was added dropwise over a period of 7 hrs
into the pyrolysis tube. After the addition was complete,
nitrogen was continued through the pyrolysis tube for
another 1 hr. The contents of Tl, T2 and T3 were combined;
yield 187 g. The pyrolysis mixture was washed with 5%
NaHCO^ and then water to neutrality. The aqueous extracts
were combined, neutralized with 5% NaHCO^
, extracted 3
times with ether. The ether extracts and product liquid
were combined and distilled under reduced pressure, 2,3-
Diethyl-1 , 3-butadiene (b.p. 56°C/100 mm) was obtained in
24 g yield (26%). The distillation residue (81 g) was a
4:1 mixture of 2 , 3-diethy l-l-butene-4-ol acetate (half
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pyrolyzed product, and the starting material, 2,3-diethyl-
butanediol-1,4 diacetate.
After repeated pyrolysis of the residues, an over-
all yield Of 50% ,46.2 g, of 2,3-diethyl-l,3-butadiene was
obtained; b.p. 56«c/100 mm.
^ ^^^^ ^^.1
=CH2), 1600 cm-1 (V C=C), 890 cm^ (v C-H). See p. 279
NMR (CDCI3, 10%,: 6 = 4.95, 4.8, 2.2, and 1.2-0.9 ppm.
See p. 296.
From the final distillation residue of 9.2 g,
2,3-diethyl-l-butene-4-ol acetate was obtained by distil-
lation in 5.7 g yield; b.p.: 45-C/15 mm. IR (neat): 3090
(V =CH^), 1740 cm^ (o C=0)
, 890 cm"! (v C-H). See
p. 280. NMR (CDCI3, 10%): 6 = 4.75, 4.0, 2.0 and 1.2-
0.8 ppm. See p. 29 7.
G
.
Polymerization of 2 , 3-diethvl-l
, 3-butadiene
. 2,3-
Diethyl-l,3-butadiene (1.0 g, 9.1 rrjnole)
,
Al(iBu) (0.014
g, 0.07 mmole), TiCl^ (0.026 g, 0.014 mmole) and 7 ml of
m-heptane were charged into an argon purged Schlenk tube.
The monomer was distilled from CaH^ and purified by gas
chromatography. After 48 hrs the polymerization was ter-
minated by the addition of an excess of methanol contain-
ing 10% concentrated HCl. The product, an off-white tacky
material, was reprecipitated from o-dichlorobenzene/
methanol and dried in a gentle stream of argon. It was
finally dried in an Abderhalden apparatus (50°C, 1 mm).
64
Y.eld 0.4 g ,40%), IR (neat) 2960, 2924 and 2865 cm"!
<^as-™3' «s-C"2'
"s-™3)' "30 cm'^ (v C=C)
, 1460 and
1376 cm-l («a3-CH3 and S^-CH^) and 1260 om-^ (c-C
skeletal vibrations). See p. 281. ^^c NMR (o-dichloro-
benzene, 90°C, 65,100 transients) showed absorption at
6 = 129.50 (-c=C), S = 26.10, 25.41 (-CH^), S = 14.44,
13.88 (-CH2CH3) and 6 = 8.97 (-CH3). See p. 298.
VII. Measuremen ts
Infrared spectra were recorded on a Perkin-Elmer
Model 727 or Model 283 spectrophotometer. Solid samples
were measured as KBr pellets and liquid samples were
measured as smears or films between NaCl plates. The in-
frared spectra of some of the polymer samples were mea-
sured as films cast directly onto a single NaCl plate from
an o-dichlorobenzene solution. The peak assignments were
made to the nearest 5 cm"''".
The
-""H NMR spectra were recorded on either a
Perkin-Elmer Model R-24, 60 MHz, or R-32, 90 MHz spectro-
meter. Solution concentrations were in general 10 to 15%
m CDCl^. Chemical shifts were measured as 6, ppm rela-
tive to TMS as internal standard.
13
C NMR spectra were obtained on a Varion CFT-20
spectrometer under complete proton decoupling. The mea-
surements were carried out in CDCl^ at room temperature
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With TMS as the internal standard or in o-dichlorobenzene
at 90OC with an external D^O, dioxane standard.
Gas chromatographic analyses were conducted on a
Varian Aerograph 920 gas chromatograph with a 5 ft. x 1/4
in. column packed with 100/120 mesh Varaport 30.
Thermogravimetric analyses were performed with a
Perkin-Elmer Model TGS-1 thermobalance with UU-1 tempera-
ture programmer. The temperature scale of the programmer
was calibrated with the magnetic standards provided with
the. instrument in order to optimize the agreement between
the direct dial readout of the temperature programmer and
the instrument furnace temperature, as indicated by tran-
sitions of the standards. Heating rates of 20°C/min. were
normally employed and all thermogravimetric measurements
were performed under a 10-20 cc./min. flow of dry N
Samples (10-20 mg) were weighed to the nearest 0.02 mg
into platinum sample pans on a Perkin-Elmer AD-2 Auto-
balance
.
Thermal transitions in the polymer samples were
investigated on a Perkin-Elmer Model DSC-2 differential
scanning calorimeter equipped with a Scanning AutoZero
unit. The temperature scale of the instrument was cali-
brated at the desired heating rate by adjusting the direct
dial overage temperature readout of the programmer to cor-
respond with the transition temperature of cyclohexane
66
(crystal 86. 9^0, melt 6.7^0 and indium (melt 156. 8^0
.
Samples were contained in sealed aluminum pans. Sample
weights Of 5-15 mg were used, all weighings made on a
Perkin-Elmer AD-2 Autobalance.
Glass transition temperatures (Tg's) were deter-
mined from the resultant thermograms as the temperature at
which the first deviation from the baseline of heat capac-
ity (Cp) was observed. This is an arbitrary definition;
for example, Tg could be defined as the temperature at
which the heat capacity achieved one half of the entire
stop change observed. Melting transitions (Tm's) are re-
ported for the onset of melting as well as for the maximum
in the melting endotherm.
Dynamic mechanical measurements were carried out
on a Vibron Dynamic Viscoelastomer Model DDV II. The tem-
perature range was from
-133°C to the temperature at which
the limit of instrumental measurement was reached and the
samples were heated at l-2°C/min under dry nitrogen. The
frequency of measurement was 11 Hz.
Investigations of the x-ray wide angle scattering
on our samples were carried out with an x-ray beam of a
wavelength of 1.5418 A (Cu/K . 8 filtered with Ni) , the
beam passed through a pinhole collimation, then the
samples, and finally onto a flat film camera.
Hydrogenations were carried out in a 300 ml auto-
clave with an axr driven stirrer (available from Parr
Laboratory Reactor Co.) or in a 1 gallon, packed stirrer
autoclave (available from Autoclave Engineers, inc.).
Samples of head-to-head (H-H) and atactic head-to-
tail (H-T) polypropylene were pyrolyzed under two separate
conditions: (1) pyrolysis under programmed conditions from
100° to 800OC at 40°C/min.; (2) pyrolysis at lOO^c for 5
min. Products were analyzed by gas chromatography on a
150 ft OV-101 Scot Glass Capillary Column programmed from
30°C to 220OC at 4°C/min. Helium was used as the carrier
gas at 50 ml/min. The olefins were removed from the de-
composition products by passage through a H^SO^ reactor,
H^SO^ on Anachrom 70/80 mesh.
CHAPTER III
RESULTS AND DISCUSS ION—HEAD-TO-HEAD
POLYOLEFINS
I. Objectives
The latest developments on the preparation of H-H
polymers makes it desirable to continue efforts for further
studies of H-H polyolefins with aliphatic side chains of
increasing length and bulkiness. This work focuses on the
preparation and characterization of H-H polypropylene and
describes initial investigations for the preparation of
H-H poly (butene-1)
.
2,3-Dimethyl-l,3-butadiene was polymerized by a
Al(iBu)3/TiCl^ catalyst to PDMB. Careful adjustment of
the Al/Ti ratio followed by a study of the spectral proper-
ties of the resulting polymers established the relative
amounts of cis and trans polymers as well as gave an in-
dication of the formation of any undesirable 1,2-units in
the polymer. The glass transition and melting behavior was
determined by differential scanning calorimetry (DSC) . In
addition, the thermal stability was evaluated by differ-
ential thermogravimetric analysis (DTG) . Finally, crys-
tallinity was assessed by wide angle x-ray scattering
studies
.
68
69
Catalytic and chemical hydrogenation was investi-
gated.
CH^ CH^
' ^
'
^ K ^ CH^ CH^4CH„-c=C-CH 4- _hZ^rogenation , i J | 3
2 "-"2^0 > 4CH -CH CH-CH^f
^ 2 n
(26)
An important consideration here was the choice of a hydro-
genation system that can be effective without much molecu-
lar weight degradation. It was expected that with the use
of ^^C NMR the stereochemistry of the hydrogenation of the
double bond (cis or trans) will become evident.
The following characterizations were undertaken
for the final hydrogenation product H-H polypropylene: (a)
stereochemical descriptions of the pendant methyl groups
(threo or erythro) via spectral properties; (b) crystal-
linity was investigated primarily by x-ray diffraction
studies; (c) glass transition was determined by DSC; (d)
thermal degradation behavior by DTG; (e) rheovibron and
(f) molecular weight analysis; (g) gas chromatograph/
pyrolysis studies.
For comparison throughout the course of this in-
vestigation on H-H polypropylene, similar measurements when
appropriate were conducted on both atactic and isotactic
H-T polypropylene. In particular, one of the important
and interesting differences to be studied was that of
thermal degradation.
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^iHl^thylbutadTene) '
^""-^^^^^^^^^^^-^^^^^^^S^ Cis-PDMBwith
greater than 95. pure c.s stereoregular. ty has been pro-
duced from heterogeneous Al ( iBu) 3/TiCl^ initiators. The
rat.o Of metal alkyl to transition metal salt was main-
tained at 2:1, the catalyst components being allowed to
age for 25 mm. at room temperature before monomer addi-
tion. All reactions were run under an inert atmosphere,
in dry n-heptane, the reaction time was 24 hrs at room
temperature. This reaction is illustrated in Figure 1,
details of the preparations were described earlier. The
preparation of cis-PDMB using Al ( iBu) 3^01^ at an Al/Ti
ratio of greater than 1:1 is in accord with descriptions
of Gaylord's preparation of diene polymers . "^^ '
All catalyst preparations were conducted in the
solvent medium for polymerization. The desired amount of
Al(iBu)3 ^^^^d to the solvent, followed by addition of
TiCl^. At this point the solution turned dark brown and
the aging period began. After 25 min. monomer was in-
jected and polymerization was allowed to proceed for 24
hrs. Addition of methanol containing 10% concentrated HCl
destroyed the catalyst and gave an off-white polymer sus-
pension. The product was subsequently isolated by filtra-
tion. All polymer samples were stored under an inert
' 71
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atmosphere in the refrigerator. Well established by other
workers is the oxidation in air of polydienes, even
after only a few hours.
An evaluation of the mechanism of the Ziegler-Natta
catalyst is complicated by several considerations. Kin-
etic and stereochemical behavior of the catalyst has been
shown^O ^^^^^^
^ ^^^^ ^^^^^ ^^^^^^ ^^^^^
alkyl structure-choice of metal and nature of ligands;
(2) transition metal structure
-choice of metal, nature of
ligands, crystal structure, valence; and (3) the way the
components are brought together and used in polymeriza-
tions-absolute and relative concentrations, aging, tem-
perature, and time. An additional complication arises from
the fact that certain ligand-monomer interactions are ex-
clusive in the sense that different monomers behave dif-
ferently with the same catalyst. These and earlier in-
vestigations would require undertaking an extensive inves-
tigation of all mechanistic possibilities, which is beyond
the objective of this study.
B. Effect of [TiCl4] on conversion and molecular weight
.
By maintaining all other factors constant in the polymeri-
zation of 2,3-dimethyl-l,3-butadiene (catalyst component
ratio, aging time, temperature, time and solvent) the in-
fluence of the TiCl^ concentration on conversion and in-
herent viscosity could be assessed. As can be seen from
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Figure 2, at both very high and very low concentration of
TiCl,, conversion and inherent viscosity (and consequent-
ly molecular weiahf^ ^r-o ir^t,gnt) a e low. a maximum value of an in-
herent viscosity of 0 9 /n, ^«-y uj. u.y QL/g was found at [TiCl ] = 5-8
mmole/mole monomer. (a number average moleculal weight,
\ = 68,500, had been established earlier for PDMB with an
intrinsic viscosity of 0.66 dL/g.^^)
Accounting for a lower molecular weight and conver.
sion at high concentration of TiCl^
, one might suspect
chain transfer reaction involving the initiator to be
responsible. Termination of chain growth in a Ziegler-
Natta polymerization, however, has been shown to be caused
by only specific reactants and complexing agents, not
the heterogeneous catalyst. For example, Natta and Pas-
122 .quon, in their study of the polymerization of poly-
propylene to isotactic polymer, found a dependence of the
intrinsic viscosity of the polymer on the alkylaluminum
concentration. it was established that metal alkyls can
act as terminators of chain growth and, under suitable
conditions, they function as true transfer agents. The
transfer reaction is formally alkyl interchange,
[Cat]-Pn + AIR^ > [Cat]-R + Pn-AIR^
later established by Ziegler for low molecular weight
7 2organo-metal compounds. Of more direct interest here.
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±,q poly (2
, 3-dimethylbutadiene)
.
1
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o o d d
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however, is Natta
' s findina of i-^^r.o4^^i-j-nuxng t a transfer reactions between
the growing chain and transition metal compound. a
half-order dependence on TiCl3 concentration for the
molecular weight dependence was established. Chien/24
the other hand, found a first order dependence on TiCl3
concentration. The only other report^^^ on transfer by
transition metal compound is for butadiene polymerized by
Cr (acac) ^/AlEt^.
Mechanisms of chain transfer, like the mechanisms
of polymerization itself, have never been completely under-
stood for Ziegler-Natta polymerization. The objective in
the preparation of PDMB was to develop conditions provid-
ing optimum molecular weight and conversion. As a conse-
quence, the presence of reactions competing with polymeri-
zation have been observed and appear to be affected by the
concentration of TiCl^.
It is interesting to note that earlier workers^-^"^^
in their investigations of preparing PDMB with hetero-
geneous catalysts reported a range of inherent viscosities
and conversions along with a range of catalyst concentra-
tions. The nature of the effect, and the particular con-
centrations of catalyst providing highest viscosities and
conversion, were not reported.
C. Characterization of cis-1 , 4-poly ( 2 , 3-dimethylbutadiene) .
1. Spectral properties. Cis-PDMB obtained by
78
polymerization with Al(iBu) and Tin w.. ku;^ a i Ll^ as characterized
by infrared and ^^c NMR spectroscopy.
Strong IR absorptions were observed at 2963 cm"^
(v,3,
-CH3), 2918 cxn-1 (v^^,
-CH,) and at 2850 cm"^ (v^,
-CH3). A weak band observed at 2720 cm"! was assigned\o
C-H V vibrations. Strong bands at 1250 cm"! and 1200 cm"!
followed by weak to medium absorptions at 1150 cm"! and
1120 cm-1 were assigned to C-C skeletal vibrations. As
it turns out, absorption in this later region (1250-1120
cm-^ provides a very characteristic arrangement of bands
that are exclusive to the cis-1
, 4-polymer
. This will be-
come very obvious when we later compare spectra to that
of the trans-1
, 4-polymer.
The ^^C NMR spectrum of cis-1
, 4-poly (2 , 3-dimethyl-
butadiene) showed chemical shifts at 128.81, 34.04, and
18.84 ppm. The olefinic carbon atom was assigned to the
lowest field peak at 128.81 ppm, sometimes difficult to
detect due to an overlap with the meta carbons of the
solvent, o-dichlorobenzene (6 = 127.7). The methylene
carbon atoms attached cis to an olefinic linkage shows a
chemical shift of 34.04 ppm and the cis methyl groups at
18.84 ppm. These actual assignments are in good agreement
with those of Ritter and co-workers """^^ who recently
studied the cis and trans configurations of monomeric
13units m PDMB by C NMR spectroscopy. They found a
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Chemical Shift difference of 15.22 pp™ between
.ethylene
and
.ethyl g.oups of the all cis configuration, in our
studies the difference was found to be 15.20 pp™.
we have very carefully evaluated the "c NMR spec-
trum for s^all amounts of resonance peaks which could be
assigned to terminal methylene carbon atoms and would con-
sequently represent the presence of 1 , 2-linkages. The ^^c
NMR spectrum of 2 , 3 , 3-trimethyl-l-butene was studied as a
5% solution in o-dichlorobenzene
, 25,000 transients, the
Chemical shifts are listed in Table 6. This compound
provides a model of the 1,2 linkage one might observe in
cis-l,4-poly(2,3-dimethylbutadiene). Two important re-
sults were concluded from that study: (1) the chemical
shifts observed for the 1,2 model linkage were not found
in the spectra of our polymers; and (2) less than 5% of
2, 3, 3-trimethyl-l-butene could not be detected reliably.
Therefore, within the accuracy of our "c NMR measurements,
using 20-25,000 transients, the presence of 1,2 linkages
does not exceed 5%.
2. Melting behavior and Tg . Cis-PDMB of the 3
highest molecular weights were analyzed by DSC and their
glass transition temperatures and melting behavior were
studied (polymers III-A-2, III-A-3, and III-A-5 in Chap-
ter II)
.
Results of representative runs are given in
Table 7. All annealing and quenching of the samples was
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TABLE 6
CHEMICAL SHIFT DATA^ (^^C NMR SPECTRA)
OF 2 , 3
,
3-TRIMETHYL-I-BUTENE"
Carbon*^ Chemical Shift
1
2
3
aRelative to dioxane reference at 67.39 ppm
5% in o-dichlorobenzene
.
Carbon numbers as follows:
^ C
108.42
153. 70
29.46
35. 96
19. 92
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performed in the calorimeter.
The glass transition temperature of all cis-PDMB
were found in the region of usually difficult to
see on virgin polymer but becoming more pronounced upon
melting, annealing, and quenching. The amount of crys-
talline order in these semicrystall ine polymers is ap-
parently reduced by a thermal history of annealing above
Tm and quenching; an increase in amorphous portions is
the result and Tg is then easier to locate.
As mentioned earlier, Tg was taken as the tempera-
ture of the first deviation of the heat capacity (Cp)
from the baseline. if we were to define Tg as the tem-
perature at which Cp achieved one half of the entire
step change observed, a value of Tg = 12-14°C would be
observed for cis-PDMB.
The entire glass transition is observed over a
relatively broad 15-20°C region. Polymers prepared with
heterogeneous catalysts generally have broad molecular
weight distributions (M^M^ = 5-20)"^^ and such distribu-
tions have enlarged the regions over which Tg is ob-
127
served.
In our studies of the melting behavior of cis-
PDMB by DSC we have observed two rather interesting phe-
nomena. See Figures 3-5. First, in all of the cis-
polumers studied melting occurred over a broad temperature
84
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183 "C
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Figure 4. DSC study of polymer III-A-5, cis-1,4-
poly (2 , 3-dimethylbutadiene) . Scans B and C.
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region. onset of .elting was observed at 162oc with maxi-
mums in the melting endotherms falling between 183-191oc
AS discussed earlier, broad molecular weight distributions
are characteristic of these polymers. a broadening of the
melting region, like the broad glass transition range, is
therefore not surprising. Yen^^ ^^^^^^^^ ^ ^^^^^^^ ^^^^^
Of 189-19BOC for his sample of cis-PDMB prepared with
heterogeneous catalysts. Gaylord^^ observed a melting
range of 162.198oc for cis-PDMB also prepared with hetero-
geneous catalysts. Gaylord also demonstrated a shift
towards higher melting points after the removal of low
molecular weight fractions.
After the virgin polymer was melted in the calor-
imeter, the sample was re-scanned in order to confirm the
temperature of the transition. Subsequent scans, however,
displayed two melting endotherms (see Figure 4), the size
of which could be altered depending on the thermal history
(see Figure 5)
.
Although polymer III-A-2 did not show two
melting endotherms after the first melting, a very clear
shoulder was apparent in the melting peak on later scans.
See Figure 3.
In crystalline polymers, in addition to the normal-
ly observed crystalline melting point, a further first
order transition from one crystal form to another is pos-
127
sible. Also well established is that the presence of
more than one crystal form (polymorphism) is to a large
extent affected by thermal treatment, polymerization con-
dxtions and solvents used to cast films. The melting
Of the polymer could have led to the development of: (l)
another crystal form in cis-PDMB or (2) a difference in
crystallite size. Both factors could give rise to an ad-
ditional or different endothermic transition. Additional-
ly in one case annealing at a temperature just below that
of the newly observed transition increased it in inten-
sity, making it the dominant transition (see Figure 5).
First order multi-transition phenomena (noticeable
by DSC) has not been observed in 2 , 3-dimethylbutadiene
polymers before, but has been found and attributed to
crystal-crystal transitions in other very similar polymer
systems. Natta,129 ^arly x-ray studies on 1,4-poly-
butadiene proposed a transition between two crystal modi-
fications at 60OC. Also of direct interest has been the
observation of two crystalline forms in trans-1
, 4-polyiso-
130prene. one form had a melting temperature of 82.4°C,
the other form a melting temperature of 79.5°c. Addi-
tional mention of the work of Bunn^^^ is appropriate, who
from studies on the stereochemistry of trans-1 , 4-polyiso-
prene predicted the possibility of four different crystal-
line modifications. Polymorphism is known to be extremely
sensitive to temperature, pressure and applied stresses.
All factors „ust be collectively evaluated in order to
accurately describe different crystalline
.edifications.
^--^'i^^^^^nal^JlZI-^^tuaies. we next studied the
polymer samples by wide angle x-ray diffractions, results
Of the Debye-scherrer type diagrams are shown in Figure 6
and Table 8 for polymer III-A-3.
TABLE 8
CRYSTALLINE CIS AND TRANS-1
, 4-POLY ( 2 3-
DIMETHYLBUTADIENE) (X)
cis-PDMB (III-A-3^
Relative
Spacing Intensity
trans-PDMB (III-C- 3)
Relative
Spacing Intensity
5.49
3.08
2.68
2.00
m
s
m
s
4.27
3. 78
2.99
2.44
s
w
s
s
It is seen that cis-PDMB does contain a significant amount
of crystallinity, diffraction maxima observed at 5.49 (m)
,
3-08 (s), 2.68 (m) and 2.00 A. Yen^^ and Prudhomme^^ have
reported similar types of diffraction patterns. An es-
tablished phenomenon associated with polyisoprene struc-
ture is crystallization. Both high cis-1,4^^2 and high
133trans-1,4 synthetic polyisoprenes have shown the oc-
currence of crystallization. Also presented in Table 8
are the diffraction maxima for trans-PDMB, which will be
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Poly(2,3!^L"It\yibutadilnlt! ^""^ ^-^^^ °^ -3-1,4-
94
95
discussed later on.
4. Thermal stability of the polymers
. The thermal
degradation behavior of the samples of cis-PDMB was
investigated and is shown m Figure 7. The maximum
degradation temperature was found to be at 380°C, a be-
havior similar to all of the cis-PDMB polymers studied.
A clearer indication of the initial degradation tempera-
ture was gained from TGA, the beginning of weight loss
was observed at around 285°C. The maximum degradation
temperature of cis-PDMB, 380°C, falls between the re-
134ported maximum degradation temperatures of polyiso-
prene, 325°C and polybutadiene
, 410°C. Poly ( 2 , 3-dipheny 1-
butadiene) showed a maximum degradation temperature of
29357°C.
III. Preparation of Trans-1 , 4-Poly ( 2 , 3-
Dimethylbutadiene)
A. Initiator system for polymerization
. Trans-PDMB with
greater than 95% pure trans stereoregular ity has been pro
duced from heterogeneous Al ( iBu) -^/TiCl^ initiators. The
ratio of metal alkyl to transition metal salt was main-
tained at 1:2, representing the only change in conditions
compared to the preparation of cis-PDMB. The results of
our study of reaction conditions is illustrated in Figure
8. Details of the preparations were discussed earlier.
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(a) polymer IH-A^S
^'tb^^P^ly^^r IT^-i'^A:
""'^^
-^rogen,
:
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dimethylbufadLn;, f °' trans-1 , 4-poly (2 , 3-
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B. Effect of_jT iCl4] on conversion and mnl^^^^n^_^^^^^^^
In a study similar to the preparation of cis-PDMB, the in-
fluence of the TiCl^ concentration (at constant Al/Ti ratio
1:2) on conversion and molecular weight was investigated.
As can be seen from Figure 9, at very high and very low
concentration of TiCl^, conversion and inherent viscosity
(and consequently molecular weight) are low. A maximum
value of an inherent viscosity of 0.65 dL/g was found at
[TiCl^] = 14 mmole/mole monomer. It is interesting to
note that this concentration at which optimum results were
found, is approximately twice that observed in the prepa-
rations of cis-PDMB. Clearly, this is a result of an
overall change in catalyst composition, cis-polymer having
been prepared at an Al/Ti ratio of 2:1, whereas the trans-
polymer is produced when the Al/Ti ratio is 1:2.
Again, the major objective was to produce trans-PDMB
at optimum conversion and molecular weight. Like the situ-
ation observed and discussed earlier in the preparation of
cis-PDMB, reactions competing with polymerization are pres-
ent and influenced by changing the TiCl^ concentration.
It should be added that polymer III-C-1 was sus-
pected of being crosslinked. It maintained a crusty ap-
pearance and required long times to go into solution. It
is suspected that the small amount of AKiBu)^ employed in
this polymerization was destroyed by trace amounts of oxy-
10-1
v^.c-i^
^ff^^t of TiCl4 concentration on con-ers on and inherent viscosity in the preparation oftrans-1
, 4-poly ( 2 , 3-dimethylbutadiene)
.
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gen and moisture, leaving a large excess of TiCl^. Gay-
lord^^^ prepared insoluable cross-linked polydienes poly-
merizing in an excess of TiCl^. Previous workers^^'^^ hav
investigated the preparation of trans-PDMB with hetero-
geneous catalysts. However, like prior work on cis-PDMB,
factors that influenced the conversion and inherent vis-
cosities were not reported.
In both large-scale efforts to prepare cis and
trans-PDMB, unusually low conversions and inherent viscosi
-ties were obtained. However, in these polymerizations the
equivalent aging time, 25 min, as was used in the smaller
scale polymerizations, was employed. It is possible that
scale-up in heterogeneous polymerization requires exten-
sion of the catalyst aging period. During this aging
period, the active centers are formed. Cooper, "^^ in his
recent review of Ziegler-Natta polymerizations, indicated
that several factors influence active-center concentration
one of which is time.
C. Characterization of trans-1 , 4-Poly ( 2 , 3-dimethylbuta-
diene) .
1. Spectral properties . Trans-PDMB obtained by
heterogeneous polymerization with Al(iBu)2 and TiCl^ was
13
characterized by infrared and C NMR spectroscopy.
Strong IR absorptions were observed at 2958 cm
(v
,
-CH.), 2920 cm"-"- (v ^, -CH^) and at 2861 cm"-'- (v^,
104
-CH3). A weak band observed at 2721 cr^-^ was assigned to
C-H V vibrations. Weak and strong absorptions were re-
corded at 1221 and 1150 cm-^ (C-C skeletal vibrations) in
clear contrast to the spectrum recorded for the cis-
polymer over this region. Table 9 summarrzes the IR ab-
sorption bands of both cis and trans-1
, 4-poly (2 , 3-dimethyl-
butadiene). Also listed in Table 9 are the absorptions
observed in PDMB initiated with AIBN.
Figure 10 shows the most distinct differences one
observes in the infrared spectra: the absorption bands
of C-C stretching, skeletal vibrations. Cis-PDMB shows
medium absorption at 1250 cm-\ strong absorption at 1200
cm-1 and a small band at 1150 cm'^ The trans polymer,
however, shows no absorption at 1250 cm'^ a weak band at
1220 cm '" and medium absorption at 1150 cm"-*-.
Infrared spectroscopy, alone, does not allow a
quantitative evaluation of polymer structure. The develop-
ment of a characteristic fingerprint in the 1500-1100 cm""'-
region does provide, however, a strong indication of the
predominating structure.
13The C NMR spectra of trans-PDMB showed magnetic
resonance chemical shifts at 128.84, 33.88, and at 18.43
ppm. Table 10 lists the assignments for these peaks. The
methylene unit of the chain appears to be most influenced
by polymer structure, the cis unit appearing at 34.04 ppm.
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TABLE 9
INFRARED ABSORPTION BANDS OF POLY ( 2 , 3-DIMETHYL
BUTADIENE) (CM-1)
Cis-PDMB
2963
2918
2850
s
s
s
2720 w
trans-PDMB
2958
2920
2861
2721
s
s
s
w
PDMB Initiated
with AIBN
3080
2960
2920
2860
w
s
s
s
2721 w
1630 w
Assignment
=CH2V
-CH^v
3 as
-CH^v
2 a
3 s
C=Cv
1463
1377
1463 s
1370 s
1455
1370
CH3V
da
CH3V
ds
1250
1200
1150 w
1120 m
1221 w
1150 s
1220 w
1150 m
C-Cv
CH6
890 m
-CH
2
oop
10^
Figure 10. Infrared spectrum of the 1500-1000 cm
region of cis and trans-1 , 4-poly ( 2 , 3-dimethylbutadiene) .
CLS
-PDMB
1150
1200
trans- PDMB
1500 1000
WAVENUMBER (cm-')
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TABLE 10
CHEMICAL SHIFT DATA (^^C NMR SPECTRA^^nv rroAND TRANS-1
,
4-POLY (2
, B-DIME^H^LB^iD^ENE)
Polymer Carbon Sequence Chemical Shift^
-CH^- CIS 34. 04
III-A-3
CH
I
-C= CIS 128. 81
CH3
-C=C CIS 18. 84
CH2- trans 33.88
III-C-3
CH_
I
3
C= trans 128. 84
-C= trans 18.43
Measured at 90 °c in o-dichlorobenzene
.
Dioxane reference at 67.39 ppm
109
but
whUe the trans unit is at 33. 88 . slightly affected,
clearly distinguishable also, are the methyl groups, cis
configuration shows 6 (CH ) = l ft R4 r^^rr. 4.^^^2' -L0.B ppm, trans configura-
tion showing 6 (CH^) = 18.43 ppm.
The assignments of chemical shifts agree with tho
Of Ritter and co-workers , ^^6 who reported trans methylene
and methyl carbon chemical shift difference of 15.44 ppm;
we found 15.45 ppm in our samples of trans-1
, 4-poly (2 , 3-
dimethylbutadiene)
.
It is interesting to note that the methyl group
in cis-polyisoprene was observed at 23.25 ppm, shifting
to higher fields, 15.87 ppm, in the trans polymer.
Recent work on alky 1-1 , 3-butadiene also indicated a shift
to higher fields for trans-alkyl units , ^^"^ ' similar to
our observation for the carbon atoms in trans-PDMB.
A careful evaluation of the '"^C NMR spectra showed
that within our accuracy of measurement (20,000-25,000
transients) any 1,2-type linkages (see Table 6 and the
discussion of spectral properties for cis-PDMB) could only
be present in concentrations less than 5%.
2^ Mel ting behavior and Tg . DSC studies on trans-
1, 4-poly (2 , 3-dimethylbutadiene) are summarized in Table
11 for samples III-C-3, III-C-2 and III-C-1. Whereas the
melting behavior of the cis-polymer could be readily in-
vestigated by DSC, the trans polymer was found to decom-
se
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pose at temperatures slightly above Tm. Indications for
the beginning of the melting endotherm was observed near
2750c. Other reports on trans-PDMB indicate Tm
' s of 240-
250°c/^^ 253-259 ,'^'* and 270-r '''=> m^, a ^lo c. In no cases did the
author ever mention possible polymer decomposition, and
all Tm values were determined from melting point measures
in a capillary.
Despite our inability to accurately assign a melt-
ing temperature for the trans-polymer, it is significant
to note that the region over which melting occurs is
nearly lOO^C higher than that of the cis-polymer. This
represents another strong example of the cis-trans effect,
observed in other diene polymer systems. Cis-1
, 4-poly-
butadiene, for example, shows a melting temperature of
0-6°C, the trans-polymer melting at 135-145°C. """^^ It has
been established that differences in melting point are
caused by differences in steric and energetic barriers to
rotation, which stiffen the polymer chain, and by the dif-
ferent angles that rotable bonds make with one another.
The relatively high melting region of trans-PDMB
is somewhat unusual for a linear carbon-chain polymer.
Thermal transition temperatures of selected diene and poly-
olefin polymers appear in Table 12.
The Tm of 135-145°C for trans-1 , 4-polybutadiene is
reduced to 68 °C when a hydrogen atom is substituted by a
112
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methyl group in the 2-position. Apparently, molecular
symmetry is restored with the replacement of another
hydrogen for a methyl in the 3-position. A result could
be additional and closer packing in the crystalline por-
tions with the observed influence on Tm.
Table 11 and Figures 11 and 12 summarize our re-
sults on the study of the glass transition behavior of
trans-PDMB. Annealing at elevated temperatures followed
by quenching developed a sufficient change in Cp differ-
ence to have a Tg clearly observed. Polymer III-C-3
^•^inh " ^L/g) showed a Tg - 12°C. Polymer III-C-2
^•^inh " showed a slightly lower Tg of 7°C. This
difference may be to a large part caused by lower molecu-
lar weight. The Tg of polymer III-c-1, which was in-
soluable, was found to be at 22°C; this polymer sample
was suspected to have a crosslinked structure.
If we were to define Tg as that temperature at
which Cp reaches one-half its step change, Tg ' s of 25 and
15°C would be recorded for polymers III-C-3 and III-C-2
respectively.
From Table 12 we see that the Tg of trans-PDMB is
the highest of all the common diene type polymers.
154Gerke in some early work on second-order transition
temperatures of diene rubbers reported a Tg of -11°C for
PDMB. No information on the polymer structure was
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Figure 11. DSC scans of trans-1 , 4-poly ( 2 , 3-
dimethylbutadiene)
,
sample III-C-3; (a) virgin polymer;
(b) quenched , res canned; (c) heating to 2 77°C , annealed
5 min
,
quenched ; (d) after scan c quenched and rescanned.
(Heating rate 2 0*^C/min
,
sample weight 12.55 mg
.
)
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Figure 12 . DSC scans of trans- 1 , 4 -poly (2,3-
dimethylbutadiene) ; (a) virgin polymer; (b) heating to
277*^C, annealed 5 min, quenched; (c) after scan b quenched
and rescanned; (d) after scan c quenched and rescanned.
(Heating rate 20''C/min, sample weight 7.2 mg.)
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provided. It should be pointed out that the recently pre-
pared symmetrical diene, Poly ( 2 , 3-diphenylbutadiene)
,
showed a Tg of 116oc. Substitution in the 2 and 3-
position, improving on molecular symmetry, has influenced
both Tm (discussed earlier) and Tg.
^^-^^i2l£z££12lf_x^^ Trans-PDMB was also
studied by wide-angle x-ray diffraction. Results of the
Debye-Scherrer diagrams are shown in Figure 13 and Table 8
for polymer IIl-C-3. it can be seen that the polymer has
considerable crystallinity
. m comparison to cis-PDMB,
the rings are more intense and occur at significantly dif-
ferent positions. Yen reported d spacings at 4.3 (s)
,
3.9 (w), and 3.1 (w) for his sample of trans-PDMB
.
.4. Thermal stability of the polymers
. The thermal
stability of the polymers, under nitrogen, was investigated
by both TGA and DTG. Results are shown in Figure 14 for
polymers III-C-2 and III-C-3, the remaining trans-polymer
showing the same type of behavior. The initial indication
of weight loss could be more clearly evaluated from TGA,
and was found to be 280«C. Maximum rate of weight loss
occurred at 3 83°C; the same temperature was found for the
cis polymer. It is important to note, however, that the
DTG curve for the trans-polymer is skewed toward higher
temperatures, a result different from the behavior of the
cis-polymer (see Figure 7). This slight increase in
119
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Figure 14. TGA and DTG studies of trans-1,4-
poly (2 , 3-dimethylbutadiene) ; (a) and (b) - polymer
III-C-2; (c) polymer III-C-3.
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thermal stability is believed to be caused by the incr
in crystallinity in the trans-polymer. Any factors which
reduce the mobility of polymer chains have led to an in-
crease in thermal stability . "^^^
IV. Other Initiator Systems Investigated forthe Polymerization of 2 , 3-Dimethyl-T73^—
Butadiene
It became of interest to investigate the prepara-
tion of PDMB at an Al/Ti ratio of 1:1. Yen"^^ initially
reported that such a catalyst composition gave pure cis-
7 5polymer. Gaylord shed some doubt on this issue, suggest
ing that at an Al/Ti ratio of 1;1, some trans units ap-
peared in the chain. Prudhomme
, the only one to employ
NMR techniques to determine stereochemistry of PDMB,
recently supported Yen's finding. Horne"^^ claimed a pre-
dominance of cis-l,4-structure, at catalyst ratio of Al/
Ti = 1, but implied the possibility of trans-linkages.
Our results (see Chapter II, Section III-E) in-
dicate that an Al/Ti ratio of 1 leads to the formation of
a small amount of trans linkages. The "^"^C NMR spectrum
(see p. 287) showed two absorptions for the methyl carbon
atom at 18.81 ppm and 18.43 ppm. From our previous work
on both the pure cis and pure trans polymer, we were able
to assign the peak at 18.81 ppm to -CH^ (cis) and the peak
at 18.43 ppm to -CH^ (trans). Expansion of the resonance
124
Signal followed by area measurements have indicated that
the ois linkage is present to a level of 75%. (All
quantitative evaluations of "c NMR spectra are limited
to the assumption of equal Nuclear Overhauser Effect and
negligible spin-lattice relaxation.) Apparently, at an
Al/Ti ratio of 1, stereospecifically pure polymerization
does not occur.
Polymerization of 2 , 3-dimethyl-l
, 3-butadiene with
AIBN gave a small conversion to a tacky polymer (see
Chapter II, section III-F)
. The infrared analysis of this
polymer indicated the predominance of trans configuration
along with 1,2-type linkages. See Table 9. ^^C NMR
spectra (see Table 13) indicated both cis and trans struc-
tures (trans units evaluated to be approximately 60%) were
present and it was also found that approximately 10% of
1,2-units were also present.
V. Preparation of H-H Polypropylene
A. Homogeneous hydrogenation of cis and trans-1 , 4-poly ( 2 , 3.
dimethylbutadiene)
.
1. Catalyst system employed
. Cis and trans-PDMB
could be quantitatively hydrogenated with a Al(iBu)^/
cobalt 2-ethylhexanoate catalyst. Reaction temperature
and pressure were low (100 p . s . i
.
/100°C) and the hydrogen-
ation was complete in 2 hrs. A relatively high catalyst
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TABLE 13
CHEMICAL SHIFT DATA IN ^^C NMR SPECTRA OFPOLY (
2
, 3-DIMETHYLBUTADIENE INITIATED
WITH AIBN
Carbon
-CH^-
Sequence
ct
Chemical Shift
34. 60
-CH^-
-CH^-
tt
tc
33.96
33. 47
-CH
-CH
18. 86
18. 52
C-
I
C-CH
il
CH^
1,2 111.69
concentration (30 mole %) had to be employed with an Al/
Co molar ratio of 4. Isolation of the hydrogenated poly
mer from the reaction mixture was relatively easy.
CH Al/Co ^ i
-fCH2-C-C-CH2f^ >
-fCH -CH CH-CH„f
'
2 ^" V"-^«2^n (27)
3 CH3
All catalyst preparations were carried out under
an inert atmosphere. When the organoaluminum compound was
brought together with the transition metal component, the
solution turned black and was allowed to react for 10 min.
At the end of this period the dilute polymer solution
(0.5%) was introduced. The reactor was then sealed and
charged with hydrogen. Other details of the hydrogenation
are listed in Table 5.
A number of exploratory hydrogenations were con-
ducted (see Chapter II, Section E) and experimental de-
tails were established. Whereas some workers reported a
successful hydrogenation in cyclohexane at 50°C, we found
it necessary to use decalin at 100°C. Our samples of
PDMB did not dissolve completely in cyclohexane and some
were isolated without evidence of any hydrogenation.
Previous reports described successful polymer iso-
lation by a simple washing with dilute acid followed by
precipitation in methanol. We had to use several repre-
cipitations of the polymer from, hot decalin into
isopropanol/10% concentrated HCl solution, otherwise
catalyst residues were left in the hydrogenated polymer.
The successive reprecipitations of the polymers affected
the overall amount of polymer recovered. This was es-
pecially the case when work was done at a large scale
(see Table 5) where only 40% of hydrogenated polymer was
isolated.
The mechanisms for hydrogen addition to double
bonds in polymers still remains speculative. Numerous
catalyst systems have proven successful for hydrogena-
tion, all combinations of transition metal compounds and
organometallic derivatives
.
""-^^ A thorough evaluation of
all catalyst systems must be completed before a general
mechanism can be postulated. It seems that the first step
in the reaction for the preparation of the hydrogenation
catalyst involves the combination of the trialkylaluminum
with the transition metal salt,
R^Al + MX^ > R2AIX + RMX^_^ (28)
X 5 6to form an organo transition metal compound. Reaction
of this salt with hydrogen
RMX , + > RH + HMX . (29)
n-1 2 ^ n-1
forms a transition metal hydride which then adds across
the olefin double bond.
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-C=C- + HMX
n-l ^ H-C-C-MXn-1 (30)
The final step, reaction with hydrogen, produces' the
hydrogenated product and regenerates the active catalyst.
H-C-C-MX^_^ + H2 > H-C-C-K + HMX^_^ (31)
2. Investigation of the mode of hydrogen addition
.
AS discussed earlier, H-H polypropylene has a structure in
which there are two stereoisomers. Insofar as we had
both pure cis and trans-1
, 4-PDMB available, a stereospe-
cific addition of hydrogen could conceivably generate,
then, two isomers, the threo or erythro form. Assuming a
cis addition of hydrogen to cis-PDMB, an erythro polymer
would be generated. A cis addition to the trans-polymer
would in principle give a threo structure. See Figure 15.
Homogeneous catalytic hydrogenation of both pure
cis and trans-1 , 4-PDMB indicated that cis addition of
hydrogen predominated, but was not exclusive. The propor-
tions of both erythro and threo configurations in the
hydrogenated polymer were estimated from the ''"'^C NMR
spectrum
.
1
1
Figure 16 shows a typical C NMR spectrum for an
erythro structure predominating polymer and a threo pre-
dominating H-H polypropylene. The assignments for the
various carbon atoms are listed in Table 14. Assignments
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Figure 15. Stereochemistry of hydrogen addition to
cis and trans-1 , 4-poly ( 2 , 3-dimethylbutadiene)
, preparation
of H-H polypropylene.
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Figure 16. "'"^C NMR spectra of erythro and threo-predominating H-H polypropylenes
.
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Threo
Dominating
50 25 0
CHEMICAL SHIFT (ppm)
TABLE 14
13c
SHIFT
NMR
DATA AND RELATIVE
SPECTRUM^ OF TYPICAL
H-H POLYPROPYLENE
INTENSITY IN
SAMPLES OF
THE
Type of
Chemical
Shift
Relative
Intensity
Erythro Threo
Carbon Atoms Erythro Threo
Hydrogenated
cis-PDMB
CH
CH^
38.73
31. 88
37.86
33. 55
5
5
3
3
CH3 17. 15 15.20 7 3
Hydrogenated
trans-PDMB
CH
CH2
38. 71
31.84
37. 87
33. 54
4
4
7
9
CH3 17. 13 15.22 6 8
Relative to dioxane at 67.39 ppm.
Measured at 90°C in o-dichlorobenzene
.
Of Chemical shifts were made according to the combined
work Of Natta/^^ Zambellil^S Prudhormne . 38
Recently, Randall^^^ has shown that the relative
intensity distribution of methyl resonances in the ^^C
NMR spectrum of polypropylene can be used reliably to
make quantitative estimates of configuration. Experi-
mentally it was shown that an equal Overhauser effect
exists for each of the methyl absorptions. With this in
mind, quantitative analysis of microstructure was derived
from the data in Table 14.
For hydrogenated cis-PDMB, erythro configuration
exists at about a 65-70% level. Hydrogenated trans-PDMB
shows a level of 65% for the threo configurations. Re-
calling Figure 15, it is apparent that cis addition pre-
dominates in the course of hydrogenation
. Hydrogen cis
addition has been established for heterogeneous type
160hydrogenations. Homogeneous hydrogenation catalysts,
discussed earlier, have shown in general a cis addition of
hydrogen.
In the very recent work of Lacas, Maurice and Prud-
homme
,
'^c NMR analysis was applied to both polyiso-
prene and PDMB. A non-stereospecific addition of hydrogen
to the unsaturated repeating units was proposed.
B. Heterogeneous hydrogenation
. For comparison, cis-PDMB
was hydrogenated with a Pd/carbon catalyst. After 24 hrs
at 1000 p.s... (H^ pressure) and 130^c H-H polypropylene
was recovered (see Chapter lii, section V). Only 43% of
the original poly.er was isolated, this being perhaps the
most serious drawback for the use of heterogeneous type
catalysts. Several filtrations of the reaction solution
are necessary to completely remove all catalyst residue.
The loss of small amounts of polymer in the process of
each filtration becomes a major consideration. Addition-
ally, the hydrogenated polymer, H-H polypropylene, is a
tacky material at ambient temperatures. This makes the
removal of the heterogeneous catalyst even more difficult.
From Table 5, it is seen that only a relatively
small change in inherent viscosity (-0.21 dL/g) occurs
after homogeneous hydrogenation
. For the heterogeneous
hydrogenation, however, the numeric value of the inherent
viscosity decreases by nearly 0.6 dL/g, indicating con-
siderable loss in polymer molecular weight. This is
caused by the necessity of using more severe conditions
for the hydrogenation; higher pressure, temperature and
longer reaction time, which seem to favor hydrogenolysis
.
The product of the heterogeneous hydrogenation was
studied by ^^C NMR spectra (see p. 290). As indicated
earlier, a characteristic of heterogeneous hydrogenation
is the cis nature of addition. This appears to be the
case for our hydrogenation reaction.
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C. Characterization of h-H oolvp^^o^n^^
j^_Spectral properties. Infrared spectra of all
H-H polypropylenes were very similar. strong bands were
observed from 2960 to 2850 cm"^ (v
, -CH v -pras' 3' ^a' ^^2'
-
CH3). Additional strong bands were observed at 1460
and 1380 cm"-"- (6 , -CH and tS -ru \as' ^"3
^s' ^^3^- Adsorption medium
in intensity was observed in the fingerprint region at
1130, 1035 and 745 cm"!. it is known that in the spectrum
of crystalline, isotactic polypropylene a sharp doublet
appears at 995 and 974 cm"!. 1^2,163 ^^^^
^^^^^
tral characteristics were found in H-H polypropylene, a
highly amorphous material. Similar findings were observed
in H-H polystyrene samples.
In Figure 17 and Table 15 are compared the "'^C NMR
results of isotactic H-T, atactic H-T and H-H polypropyl-
ene. The peak assignments for isotactic and atactic poly-
propylene are in good agreement with the results obtained
by other workers
.
"""^^ It is interesting to note the effect
of the H-H configuration on chemical shifts. Both the
methylene and methyl carbons are shifted to higher fields
for the H-H polymer as compared to the H-T polymer. The
methylene carbon, on the other hand, has undergone a shift
to lower fields. The situation is even more complex in
H-H polypropylene, as the erythro configuration shows a
shift to higher fields for only the methylene carbon. The
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atactic H-?"no'^:„"c^y^^^oSL^" °'
'sotactic
PP
n 50
CHEMICAL SHIFT.
Atactic
PP
J
175 J50 100'25 JOO 75
. 50
CHEMICAL SHIFT, ppm
25
100 75 50
CHEMICAL SHIFT, ppm
25
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TABLE 15
CHEMICAL SHIFT DATA^ np ^^n ^^^.r, h
ATAPTTr To^^m. ^ ^ ^'^^^ SPECTRA OFC IC, ISOTACTIC, AND H-H POLYPROPYLENE
Carbon
No.
Atactic^
PP, ppm
47.16 (9)
46.57 (22)
Isotactic
PP, ppm
H-H PP
ppm©
33.55 (t)
^^•53 31.88 (e)
28.88 (16)
28.50 (24)
28.88 (5)
28.54 (3)
38.73 (e)
37.86 (t)
21.98 (13)
21.13 (6)
21.01 (6)
20.42 (6)
21. 98
17.15 (e)
15.20 (t)
dicate^'L^atiirin^
at 67.39. Numbers in parentheses in(ax cic re lati ve intensity
.
'Measured at 90^c in o-dichloroben zene.
Carbon numbers as follows:
-^H^-^H-
^H3
Estimated to be 50% isotactic, 25% syndiotactic and 25%
neterotactic.
e - erythro; t - threo
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effect
.3 Observed to be opposite
.n nature for both the
methine and methyl carbon atoms.
Model compounds of polypropylene containing both
head-to-head and head-to-tail arrangements of monomer
units have been synthesized by Zambelli and GattL^^^ The
C NMR spectra have been assigned and revealed that
Chemical shifts of the methyl group in the cha.n are modi-
fied by two factors. The presence of another methyl group
in the a-position (H-H linkage) had a general effect of
a high field shift. Additional high field shift was ob-
served for an u-methyl of threo configuration.' These same
authors prepared an empirical relationship for predicting
the ^^c methyl shift, based on structure and configuration.
From Table 15 it is clear that the methyl group
in K-H polypropylene shows chemical shifts as expected
from model compound studies.
2. Wide-angle x-ray studies. Investigations of
isotactic H-T, atactic H-T and H-H polypropylene were
made by x-ray diffraction studies. Figure 18 shows the
Debye-Scherrer diagrams of these 3 polymer samples. Table
16 lists the calculated "d" spacings from these diagrams.
It can be seen that isotactic polypropylene, not
surprisingly, showed many sharp rings of strong intensity.
Atactic polypropylene did indicate the presence of some
crystalline formation. In comparison, H-H polypropylene
141
<-
^.^^g"'^^ 18. Wide-angle x-ray diagrams of: (a)isotactic H-T; (b) atactic H-T; and (c) H-H polypropyl-
142
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TABLE 16
WIDE-ANGLE X-RAY STUDIES: INTERPLANAR SPAPTMPc;OF ISOTACTIC, ATACTIC AND HEAD-^O-keAD
POLYPROPYLENE
Isotactic PP
Relative
Spacing Intensity
Atactic PP
Spacing
Relative
Intensity
H-H PP
Relative
Spacing Intensity
2. 61
2.49
2.17
2.04
1.77
1. 70
s
m
s
s
w
w
5.49
2.99
2.49
2.33
2. 11
1.97
w
s
m
w
w
w
7.15
5.49
2.99
Diffuse
Diffuse
Diffuse
gave only 3 diffuse rings which could be appropriately
referred to as an amorphous halo. Ml h-H poly.er samples
exhibited the same characteristics.
^^-^^^^^-ll^Blitio^^ polypropylene
polymers were studied by DSC. Of particular interest was
the temperatures of transition points and the differences
in the transition points of the individual polymers. The
value of the Tg of trans-PDMB (12^0 decreased after
hydrogenatron to
-30°C. Cis-PDMB also showed a 40°C de-
crease in Tg on hydrogenation
. The cis-polymer had a Tg
around 4°C, the hydrogenated polymer showed a Tg of about
-40°C. See Figure 19.
This result is very intriguing in light of some
other Tg measurements for hydrogenated PDMB
' s (H-H poly-
propylene). Prudhomme^S found that the hydrogenation of
74% trans-1,4, 23% cis-1,4, and 3% 1,2-PDMB gave a threo
predominating structure with a Tg of about
-25°c.
Cowie,^^ referring to his saimple of PDMB as predominant-
ly trans-1,4 with about 6% 1,2 units in the chain ex-
trapolated a value of
-10°C after hydrogenation. However,
Cowie used p-toluene sulphonyl hydrazide (TSH) as the re-
ducing agent. A number of reductions were found necessary
to reduce unsaturation to less than 10%. As discussed
earlier a combination of relative high 1,2-linkages and
residual unsaturation reserve consideration of this sample
14
polypropyllnes."- "^"^ °^ ^t-"<^ and H-H
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Structure Tg *C
Erythro H-H -40**
Threo H-H -30**
Atactic H-T -20°
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as a pure H-H polymer.
Threo predominating H-H polypropylene showed a
Of -30OC, Which is approximately the sa.e as reported
by Prudhomme. The erythro predominating structure, how-
ever, showed a Tg of
-40°C.
Karasz and MacKnight^^^ have considered the in-
fluence of tact.city on Tg xn mono and di-substituted
vinyl polymers. They concluded that no effect should be
detectable in mono-substituted polymers such as poly-
propylene. Extensive studies on the glass transition
temperatures of stereoblock isotactic and atactic poly-
propylene^l have observed a small difference in Tg of
atactic and isotactic samples. This was attributed not
to steric configuration but to a function of molecular
order. The observed differences in Tg of erythro and
threo H-H polypropylene could be an example of a similar
effect
.
It has long been known that the actual value of
Tg will depend on the frequency at which the test is
carried out. Polypropylene is an excellent example of
this phenomenon, as Table 17 indicates the variety of
values observed for different types of measurements. In
addition, tacticities of atactic polypropy lenes are often
not evaluated. For these reasons, in order to compare the
Tg of H-H polypropylene with the normal H-T polymer, all
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TABLE 17
SOME VALUES OF Tg QUOTED FOR ATACTIC ANDISOTACTIC POLYPROPYLENE 41
Steric
Configuration
Isotactic
Atactic
Isotactic
Atactic
Atactic
Atactic
Atactic
Isotactic
Atactic
Isotactic
Atactic
Isotactic
(annealed)
Isotactic
(quenched)
Atactic
Isotactic
Atactic
Stereoblock
Isotactic
Atactic
Isotactic
Atactic
Isotactic
Atactic
Measuring
Technique
Heat
Capacity
T.M.A.^
D.T.A.^
D.T.A.
Dilatometry
Dilatometry
Heat
Capacity
T.P.^
T.P.
T.P.
DSC
DSC
DSC
T.P.
T.P.
NMR
NMR
Audio Frequency
(0-2000 Hz)
Tg,
-35
-35
-13
-24
-17
-18
-8
-5^
-15'
-6
-14
-5.5
-2
-5
-1
-7
-7
0
0
12
-3
27
-3
10
-5
M
V
Unfractionated
0. 059
5.0
1.40
0. 157
1.14
1.14
3.2
0.64
0.30
20.0
3.0
^T.M.A.
: Thermomechanical analysis
D.T.A.
: Differential Thermal analysis
T.P.: Torsional pendulum.
dAverage of the lower of two observed transitions.
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transitions were measured under the same conditions.
Atactic polypropylene showed a Tg of
-20°C See
Figure 19. The value of Tg for erythro predominating H-H
polypropylene was measured at
-,0^C; threo predominating
Showed a Tg of -30oc. The lower Tg of H-H polypropylene
as compared to H-T polymer is consistent with the earlier
reviewed theory that side groups in the H-T position
cause a more significant stiffening effect on the polymer
chain in a hydrocarbon polymer.
4. Thermal stability o f the polymer.c.. The
thermal degradation behavior of H-H polypropylene and H-T
(atactic and isotactic) polypropylene were investigated
(see Figure 20). Table 18 summarizes the thermal degra-
dation behavior of all the polymers prepared in this
study. The degradation behavior of H-H polypropylene is
very similar to that of both atactic and isotactic H-T
polypropylene. The lower degradation temperature of
poly(2,3-dimethylbutadienes) are not unusual because of
the possibility of forming allyl radicals by cleavage of
the single bond of low dissociation energy between the two
alkylic methylene groups. A similar phenomenon was ob-
served in the case of poly ( 2 , 3-diphenylbutadiene)
.
The results of the thermal stability of the
polypropylenes are consistent with recent suggestions
that H-H and H-T polymers have similar temperatures of
150
rate 20oc2Z^..t^^' ^^^^^^^"^ °f polypropylenes ; heating20 C/min under nitrogen; (a) atactic H-T poly-propylene; (b) isotactic H-T polypropylene; (c) H-Hpolypropylene. / v^; n n
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TABLE 18
™?.^?r,.5^^^^DATI0N OF CIS AND
SIZE 15-20 mg; HEATING RATE IOoq/miT
UNDER NITROGEN)
Polymer
DTG-Max
.
Degradation
Temp
. , °c
cis-l,4-poly (2,3-
dimethylbutadiene) 380
TGA Initial
Degradation
Temp.
, °c
281
trans-l,4-poly (2,3-
dimethylbutadiene) 383 280
Atactic polypropylene 479 33 8
Isotactic poly-
propylene 479 342
H-H polypropylene 468 341
»ax..™
.ate of
.e,.a.at.on as Ion, as the hy..o,en is
the fourt. substituent on the highly substituted c-ato.s
and no .roup larger than hydrogen is a subst.tuent in the
beta-position. ""-^
in order to gain a prelrmxnary understanding of the mech-
anise Of degradation, the thermal degradation behavior of
H-H and H-T polypropylene was investigated by gas-
chromatography/pyrolysis studies. Figure 21 shows the
resulting chromatograph of pyrolysis products after ex-
posure Of atactic polypropylene (APP) to 700^0 for 5 min.
Figure 22 shows the resultant chromatograph for H-H
polypropylene after the similar type of treatment. Fig-
ure 23 shows the pyrolysis chromatograph of H-H poly-
propylene after passage through a H^SO^ reactor, which
removes the unsaturated hydrocarbons.
A very clear distinction is observed for the
chromatograms of H-T and H-H polypropylene. Atactic H-T
polypropylene shows a non-uniform distribution of pyroly-
sis products, whereas the chromatogram of the H-H polymer
shows a more even distribution of degradation fragments.
The majority of peaks are removed from the chromatograms
of the H-H polymer after passage through an H2S0^ reactor.
This implies that a great deal of the fragments are un-
saturated hydrocarbons (olefins)
.
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Figure 22. Gas chromatographic analysis ofpyrolysis products of H-H polypropylene.
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Figure 23. Gas chromatographic analysis of nvr-oi^,
an h'^^o
Polypropylene after passage tLlllh
'''
H2SO4 reactor, removing unsaturated hydrocLbons?
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Pyrolysis together with mass spectral analysis
would give a ™ore complete description of the mechanism
Of degradation. it is very clear that a different degra-
dation process is taking place in H-H polypropylene as
compared to H-T polypropylene.
The mechanism of degradation for H-T stereoregular
polypropylene has been invest ia^f^H •igated, and is now commonly
accepted as a result of thermal homolysis
.
H H H
CH3 CH3 CH3
« H H H
CH3 CH3 CH CH
. 2 V "-"2"^ (32)
3
I II
Both the primary radical (I) and the secondary radical
(II) undergo inter- and intramolecular abstraction reac-
tions to produce the final low molecular weight and vola-
tile products. In addition, degradation initiation via
scission of weak links of the polymer chain have been
considered, particularly on isolated H-H units.
In view of the almost equivalent thermal stability
of pure H-H polypropylene as compared to the H-T polymer,
it is unlikely that initiation of chain degradation com-
mences exclusively at the H-H unit. Early investigators
proposed that H-H links in polystyrene were centers of
degradation, the H-H unit weak in comparison to a H-T
unit. Later work showed no significant differences
in the thermal stability of pure H-H and H-T polystyrene.
It was concluded that the vinyl endgroups obtained from
the radical disproportionation reaction were the weak
links of the H-T polystyrene.^^
It is also worth pointing out that recent direct
pyrolysis Of H-H and H-T polystyrenes have shown remark-
ably different degradation processes. m addition,
differences in the pyrolysis-mass spectra of H-H and H-T
poly (vinyl cyclohexane) s were found.
6. Mechanical propert ies (rheovibron)
. Dynamic
mechanic measurements were made on both atactic H-T and
H-H polypropylene. Figure 24 shows both the change in
storage modulus (E') and loss modulus (E") observed for
these polymers. According to this method of measurement,
the Tg of atactic H-T polymer occurred at
-10°C. DSC
studies of the same sample indicated a Tg of
-20°C. The
Tg of the H-H polymer (DSC Tg =
-30°C) was found by Rheo-
vibron studies at
-20°C. As discussed earlier, the values
of Tg are influenced to a great extent by the method of
measurement. The dynamic mechanical testing confirms the
lower Tg to be expected for H-H polypropylene as compared
to atactic H-T polymer.
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Figure 24. Dynamic mechanical studies of atactic
H-T polypropylene and H-H polypropylene.
(DdlAl 'sninpoi^ ^so"]) 901
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^sIIliEigElIiniOEFi^siv^iifiH?^
^.-O^i-tive. considerable attention was directed towards
the monomer synthesis where the development of a synthetic
route to yield large quantities of 2 , 3-disubstituted di
was successful and preparation of the H-H polymers of
butene-1, pentene-1, hexene-l, dodecene-1
, octadecene-1
(R- C^Hj, C3H,, C^Hg, C^qH^-^, Cj^gH33 in below) seems
feasible
.
CH^=CH-CH=CH
R R
enes
B Preparation and polymerization of 2
, 3-diethv3 - 1 .
butadiene. The preparation of 2 , 3-diethyl-l
, 3-butadiene
is illustrated in Figure 25. Condensation of ethyl-a-
bromobutyrate with a zinc/copper couple gave 2,3-diethyl
succinate in about 40% yield. This method is a very
simple, general method for the preparation of 2,3-
dialkylsuccinates, as 2-bromoalkanoic acid esters are
readily accessible. A technique described by Simons and
114 115Smith
'
was adopted, which provided a more general
and dependable method of activating zinc dust; the zinc/
copper couple made from the activated zinc by adding an-
hydrous cupric chloride.
An equal molar amount of anhydrous CUCI2 was al-
lowed to react in anhydrous THF with the activated zinc
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Figure 25. Synthetic route for the preparation
of 2 , 3-diethyl-l , 3-butadiene.
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I
R-CH-C02Et
CuClg/Zn
THF
R-CH-COgEt
R-CH-COgEt
(CH3C0)20
R-CH-CH2OCOCH3
R-CH-CH2OCOCH3
-CH3CO2H
R-CH-CH2OCOCH3
R-C=CH2
R-CH-CH2OH
R-CH-CH2OH
.,,3,
\2 CH3CO2H
R-C = CHp
R~C=CH2
-CH3CO2H
R'CHjCH
167
dust, and one half the ™olar quantity of ethyl-„-bror„,.
butyrate was added to this suspension and the condensa-
tion reaction was ca„.ed out. The 2
, 3-diethylsuccinate
was isolated by distillation. The \ hmh spectra showed
a broad area of proton chemical shifts between 0.7 and 1 9
ppm, indicating methyl-, methylene-, and
.ethine protons
Chem.cal shifts at 2.6 and 4.1 pp„ indicated the ethyl
group of the succinate ester.
The 2, 3-diethylsuccinate was reduced to the cor-
responding 2,3-diethylbutanediol-l,4 with LiAlH, in an-
hydrous ether; one mole of LiAlH, was used for each car-
boxylate function. The amount of LiAlH, normally used
guaranteed a 100% amp^Qc r^f^ ^-u^ ^xuu ccess of the reducing agent and pro-
duced a quantitative yield in the reduction of the ester
group to the hydroxymethyl group. After the normal work-
up, the ether solution of the 2 , 3-diethylbutanediol-l
,
4
was concentrated and the diol distilled. The product gave
the normal IR spectrum, which was expected for the struc-
ture of 2,3-diethylbutanediols-l,4. NMR spectra in
CDCI3 (10%) solution, gave a broad range of chemical shifts
from 0.7 to 1.9 ppm, 3.3-3.9 ppm and an additional peak
at 4.8 ppm.
2,3-Diethylbutanediol-l,4 was acetylated with a
10% excess of the desired amount of acetic anhydride at
150°C, which produced 2 , 3-diethy lbutanediol-1
, 4-diacetate
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m more than 90% yield. The diacetate has infrared
spectra typical for the acetate carbonyl at 1740 cm"!.
NMR spectra showed peaks from 0.8-1.8 ppm and also
some at 2.0 ppm and 4.1 ppm.
It was demonstrated that the 2 , 3-diethylbutane-
diol-1,4 could be dehydrated in about 50% yield with
KHSO^ at 180 to 200°C under reduced pressure. 3,4-
diethyltetrahydrofuran showed an IR spectrum and also a
H NMR spectrum typical for this structure.
2,3-Diethylbutanediol-l,4-diacetate was success-
fully pyrolyzed to the corresponding 2 , 3-diethyl-l
,
3-
butadiene in an overall yield of about 50%. The optimum
conditions for this pyrolysis is about 525°C with a
nitrogen flow of about 5 liter/hr. The yield of 2,3-
diethyl-l,3-butadiene depended very much upon the exact
pyrolysis conditions and the pyrolysis had to be re-
peated several times for maximum yield.
The pyrolysis of 2 , 3-diethylbutanediol-l
, 4 diace-
tate to the 2 , 3-diethyl-l , 3-butadiene occurred actually
in two steps. Pyrolysis of the 2 , 3-diethylbutanediol-l ,
4
diacetate gave initially the olefin acetate ( 2 , 3-diethyl-
l-butene-4-ol acetate) which then lost a second mole of
acetic acid to form the corresponding 2 , 3-diethyl-l , 3-
butadiene. The 2 , 3-diethyl-l , 3-butadiene was separated
from acetic acid, 2 , 3-diethyl-l-butene-4-ol acetate, and
unreacted 2 , 3-diethylbutanediol-l
, 4 diacetate; recovered
2,3-diethyl-l-butene-4-01 acetate and 2 , 3-diethylbutane-
diol-1,4 diacetate were recycled and an additional pyroly-
sis was carried out. This type of pyrolysis reaction
caused no rearrangement of the double bonds and the 2,3-
diethyl-l,3-butadiene were the only dienes obtained.
Gas chromatography was used successfully to moni-
tor all of the reactions described in Figure 24. Because
of the small differences in boiling points of meso and
racemic compounds of 2 , 3-diethylsuccinates
, 2,3-diethyl-
butanediols-1,4 and their acetates, only a single peak
was observed for all products. However, in the case of
3,4-diethyltetrahydrofurans, differences in boiling points
became large enough and two peaks could be observed in the
GC. In principle, both isomers could therefore be sepa-
rated; this aspect of work is reserved for future investi-
gations .
13
C NMR spectra were obtained for 2,3-diethyl-
succinate, 2 , 3-diethylbutanediols-l
, 4 , 2 , 3-diethylbutane-
diols-1,4 diacetates, 2 , 3-diethy l-l-butene-4-ol acetate
and 2 , 3-diethyl-l , 3-butadiene. The assignments of the
chemical shifts appear below.
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in the 2,3-diethyl3uccinate, the ca.bon
atom Of the methine as well as the carbon atom of the
carbonyl show two values of chemical shift. This observa-
tioh ihdicates that the sample of 2 , 3-diethylsuccinate ac-
tually consists Of the two stereoisomers, the meso and the
racemic compound.
,3
Stereochemistry could also be distinguished in the
C NMR Chemical shifts of the 2 , 3-diethy lbutanediol-1
, 4 .
The methylene group attached to the OH group shows a sig-
nificant split of 2.53 ppm.
As expected, the stereochemistry can also be recog-
nized in the OCH2, "^^thine and in the methylene carbon
atoms of 2,3-diethylbutanediol-l,4 diacetates.
In all cases of our chemical shift studies of ^^C
NMR studies where stereoisomers are involved, the intens-
ity of the individual double carbon signals is about the
same. This indicates that 40-60% of meso and racemic com-
pounds of 2, 3-diethylsuccinate, 2 , 3-diethylbutanediol-l
,
4
and 2,3-dialkylbutanediol-l,4 diacetate are probably pre-
sent .
It would require a considerable amount of model
compound studies to ascertain which of the chemical shifts
13
of the C NMR spectrum of the carbon atom at or adjacent
to the carbon atom at the chiral centers should be assign-
ed to the meso form or to the racemic form of the 2,3-
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diethylsuccinate, 2 , 3-dlethylbutanediol-l
, 4 and their
acetates. It was not the objective of this work to „ake
a Clear and unequivocal distinction between the isomers
but only to indicate so^e interesting stereochemistry
along the development of a synthetic route to prepare
higher H-H polyolefins. It should be added, however, that
the 2,3-diethylbutanediol-l,4 is an interesting polymer
intermediate for the formation of a regularly branched
polyester and for the preparation of a substituted poly-
(tetrahydrofuran)
.
Preparation of 2 , 3-di-t-buty 1-1 , 3-butadiene has
been successful but has resisted all attempts of polymeri-
zation. Apparently, the rather large bulky t-butyl group
strongly resists steric alignment into a polymer chain.
After very careful purification, 2 , 3-diethy 1-1
,
3-
butadiene was polymerized in small yield to poly (2,3-
diethylbutadiene)
.
The IR analysis of the polymer was
very similar to that of poly ( 2 , 3-dimethylbutadiene)
.
Strong absorptions were seen at 2960, 2924 and 2865 cm"-""
^^as' "^^3' ^as' "^^2 ^s' "^"3)- Additional strong
bands were observed at 1460 and 1376 cm"""- (6
, -CH , and
^ s 3
(Sg,
-CH^) . See p. 281.
The chemical shifts in the ''^C NMR spectrum are
listed in Table 19. Splitting of the chain methylene as
well as the methylene of the alkyl substituent indicate
TABLE 19
CHEMICAL SHIFT DATA^ (^^C NMR) OF POLY (2 3DIETHYLBUTADIENE)
Carbon No.^ Chemical Shift
in ppm.
26.10
25.41
2
3
129. 50
14.44
13. 88
Relative to dioxane at 67.39 ppm
Carbon numbering as foilows :
8.97
f
fcH
-fcH„^=C-CH^f
I
CH„
I
2
CH.
that both cis ana trans fo^s were present in this poXy^er
The olefrnic carbon shows a slight shift to lower fields
as compared to the olefinic carbon in poly <2 ,3-di.ethyl-
butadiene)
.
However, it is very difficult to assign this
peak due to overlapping w.th the signals for the solvent
The most significant difference, however, is the presence
of the
-CH3 at & = 8.97 ppm.
The result of this work was to develop a synthetic
route to prepare higher H-H polyolefins. it was important
that this method could be applied for the synthesis of
compounds with both short and long alkyl side chains. This
has been successful as a variety of 2 , 3-d.alkylsubstituted
succinates, 2 , 3-dialkylbutanediols-l
, 4 and 2,3-dialkyl-
butadienes have been recently prepared. Furthermore,
many of the diol derivatives have been polymerized with
terephthalic acid esters. An evaluation of the influence
of increasing side chain length of the diol on polyester
properties has recently been completed.'^'"'
VII. Conclusions and Further Work
The objective of the research in the area of H-H
polyolefins was two-fold. The first was to synthesize and
fully characterize H-H polypropylene. In the course of
this first objective, insight was gained on the polymeriz-
ation of diene type monomers with heterogeneous type
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catalysts. The properties of both =ls and tra„s-l 4-
Poly(2,3-di.ethylbuta..ene) provide, yet another ae.onstra.
txon Of the importance of config.rational structure on
polymer properties. Of particular interest was the obser-
vation of polymorphism in cis-1
, 4-poly ,2 , 3-dimethylbuta-
d-ne). Particular emphasis should be placed on factors
such as method of preparation and thermal history to more
fully understand the two crystalline modifications.
The preparation and characterization of H-H poly-
propylene was successfully completed. The course of
hydrogenation of the diene precursor was evaluated, gener-
ating two polymers of different stereochemistry (erythro
or threo predominance). Indications for differences in
properties were seen. The preparation of pure tactic
polymers would be necessary, however, before more exten-
sive conclusions could be drawn. The glass-transition
behavior of pure H-H polypropylene was about 15-20- lower
than that of H-T polymer, the important indication of in-
creased chain flexibility. Thermal degradation tempera-
tures of H-H and H-T polypropylene were very similar. This
lends further support to earlier suggestions on the effect
of substitution (H-H and H-T polymers) on thermal stabil-
ity.
A new synthetic route to prepare higher H-H poly-
olefins was developed. This required the development of a
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general synthesis route for the preparation of 2 3-
aialKn-1.3-.utaaienes.
.t initiate, the development of
a general synthesis of hranchea polyesters and hranchea
tetrahydrofurans. whereas 2 , 3-di-t-butyl-l
, 3-hutadiene
resisted all attempts for polymerization, 2.3-diethyl-
1/3-butadiene could be re^^Hiiw r.^iu o adily polymerized, and there is
no reason to believe that all butadienes substituted in
the 2 and 3 position with linear aliphatic side chains
couldn't be polymerized.
The area of the study of H-H polymers has attracted
s number of reseArnhf:iy-o ^^ csearchers. Unfortunately, H-H polymers
still have been prepared by xndirect methods. The ulti-
mate Objective would, of course, be the direct preparation
of polymers exclusively incorporating H-H structure.
CHAPTER IV
BACKGROUND—REGULAR COPOLYOXAMIDES
Reverse osmosis has attracted considerable inter-
est in the field of water desalination . ' 1^2 m this
process, a pressure in excess of the osmotic pressure of
the saline water feed solution is applied to the solution
separated from purified water by a semipermeable membrane.
Water is thereby caused to diffuse through the membrane,
while the salt molecules or other impurities are retained
in the membrane. Efficiency of the reverse osmosis pro-
cess depends to a large extent on the nature of the mem-
brane, and its method of preparation . ^"^^
Aromatic polyamide and cellulose acetate membranes
have been used for desalination of brackish water and sea
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water, and great efforts have been made to develop new
polymers and their membranes for desalination. The prepa-
ration of these membranes is a complex evaporation and
gelling process, and results in dense or asymmetric mem-
branes which must be kept in water in order to avoid the
modification or even destruction of their structure and
1 7 S
morphology.
Other polymers, primarily those which have hydrogen
bonded functionality such as -OH, NH-CO and -NH groups in
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the ^acrcolecule, have been synthesized and tested as
candidates for
.e^brane materials for desalination by re-
verse osmosis. A polymer whxch was an excellent candidate
was the regular copolyoxamide P-222l-1^6 i ^-^^^1, It was synthe-
si.ed by solution or interfacial polymerization of ™-222
With isophthaloyl chloride
,.,.ations 33 and 34) and could
be cast fro. trifluoroacetrc acid or di.ethylaceta.ide/
LiCL to membranes whose structures consist either of
relatively large pores of 50-100. diameter and smaller
voids of several hundred A nr- of .lur a a, or of a very regular tubular
structure of about 5p in diameter. Although p-222l is
relatively brittle when it is completely anhydrous, it
could be wet spun to short fibers, and has excellent
properties in the form of membranes.
2H2N-(CH2)—NH + RO„C-CO R
0 O
H^N- ( )—NH- C-C-NH- ( CH^ ) -^m^ (33)
II 11 ^^oci
0 0
II
H2N-(CH2)2-NH-C-C-NH-(CH^)^NH, + <Q
(m-222)
2' 2 "^'2
COCL
(I)
0 0 0
II II
.NH-(CH2)2-NH-C-C-NH-(CH2)2-NH-C-f^ \ (34)
C
//
0
(p-2221)
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Although the Tg of p-222l has not been determined
wxth certainty, a s.all endotherm at 182oc has been ob-
served^by use and was interpreted as the Tg of the poly-
It is important that the Tg of polymers which
are used for membrane preparation are reasonably high-
When the membranes are used in water the Tg should remain
high in order for the membrane to have the necessary
strength to resist compaction and change in transport
properties. Compaction is one of the most important de-
ficiencies Of cellulose acetate membranes. This problem
has been overcome to some extent by light crosslinking of
the cellulosic membrane material/" but crosslinking can-
not always be done reproducibly and reliably.
The transfer of the water in cellulosic and poly-
amide membranes has been discussed previously and several
basic ideas have been put forward. The morphology of the
membranes and the mechanism of water absorption and water
retention in the polymeric matrix are factors which influ-
ence essentially the water transport through the mem-
17 8brane. it appears that an optimum percentage of water
absorption exists for each polymeric material above which
the membrane structure loses mechanical properties and
below which the water transfer through the membranes is
not sufficiently high. Both chemical structure and over-
all morphology of the membranes are critically important
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for its Ultimate
.se as a reverse os.osis
„e.brane. The
presence of favorable environments on the
.olecular scale
wouia Clearly have a p.ofoun. effect on the
.orpholo,, ofthe polymer membrane and consequently its effectiveness
-
reverse osmosis desalination.
. conceptual model for
reverse osmosis was developed which proposed a critical
pore^diameter for the maximum separation and pe^eahil-
^ty. in our attempts to describe more clearly the ef-
fect of water permeation through copolyoxamide membranes
it was felt that the need existed to investigate the water
absorption characteristics of these polymers. Absorption
of water has been studied extensively in polyamides and
was found to have a profound effect on such properties as
the modulus in oriented nylon, which has been seen to de-
crease fourfold at room temperature. The principal
mechanical relaxation of the polymer, the a process, was
also shifted to lower temperatures.^''^
The structure of water in membranes and its func-
tion in transport processes has been studied extensively
and it was found that water exists in bound and free forms,
having important implications in membrane performance. It
has been demonstrated^^ that in the case of cellulose ace-
tate the bound water is: (1) unable to solvate salts and
consequently salt permeation is prevented, and (2) able to
form ligands with free water. As the amount of bound water
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per site increase^Q
'
""^ "^-^ °^ P"" water throughhe „e„.rane rncre.ses. Xnvestig.tions on n^on e have
to a suggested
„echa„is. of water Mnaing i„
3ee.3 to he ho.n. to the oarhon..
,ro.,3,
with loosely bound water betw^f.nc wee carbonyl groups and
hydrogen bonds of amide groups.
Recent work on poly.er-water interactions have
revealed that the idea of only two states of water
.bound
and free,
.ay be oversimplified. Techniques of dilatome-
try, specific conductivity and differential scanning cal-
orimetry
,osc) have provided evidence to suggest that three
forms Of water exist in certain hydrogels."2
„^^^^
probably consists of a fraction which is significantly af-
fected by the polymer network (bound water)
, a fraction
relatively unaffected by the network (free water) and an
intermediate fraction (loosely bound water,. Very recent
work on guar and xanthan gums as well as synthetic
polyacrylamide have indicated that water in these hydro-
gels could be Classified into three types labeled as or-
dinary water (shoulder on the DSC melting peak,
, inter-
mediate water (broad component of the peak,
, and bound
non-freezing water (without any phase transition,. The
DSC melting endotherms of wet and partially dried cellulose
acetate membranes showed similar types of shoulders and has
led to the suggestion of four states of water; these states
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of water are those of completely f ree water, free water
very „ea.ly interacting
„.tn the poi,„er,
.oun. „.ter
«h.ch can contain saXts, ana Bound water „Mc. re:ects
salts
.
A complete understanding of the properties of
water in copolyoxamides see.s therefore important. The
purpose Of thrs present stud, is to determine equilibrium
water absorption of samples of regular polyoxamides
, to
study the reversibility of this absorption, to determine
the structure of the absorbed water, and to attempt to
identify it as bound or free water by DSC based on the
development and disappearance of the fusion peak of free
water. Determination of the crystallinity of the poly-
mers by wide angle x-ray scattering was also done to
demonstrate in which regions of the polymer the water is
most readily adsorbed, since crystalline regions in poly-
mers have been shown to be normally inaccessible for water
adsorption in cellulosic"^ and polyamide systems.
Furthermore, applications of scanning electron microscopy
and surface area measurements will be used to help clarify
the extent and nature of water-polymer interactions in
copolyoxamide membranes.
CHAPTER V
EXPERIMENTAL SECTION-REGULAR C0POLV0XA^^DES
Materials
P-222I was prepared from N,N •
-bis (2-aminoethyl,
-
oKa.ine,™-222, and rsopnt.aloyi cHIor.de solution pol,
-ri.ation and had an inherent vrscosity of C.8 dL/g
(HjSO^, 30OC, 0.5 g/dL).
Other regular copolyamides were obtained either
by solution poly^er.zation or by interfacial polymerisa-
tion Of the diamineoxamide and the corresponding diacid
chloride as described in earlier papers . ^^'-^91
Trifluoroacetic acid was obtained from Aldrich
Chemical Co. and used directly from a freshly opened
bottle.
cellulose acetate was obtained from Eastman Kodak
Co.
For purification, the polymers were extracted in
a Soxhlet extractor with distilled water for 24 hours
followed by an extraction with acetone also for 24 hours.
After drying of the polymers in the Abderhalden apparatus
at 0.1 mm and lOO^C for 8 hours, the polymers were ground
and polymer particles of a diameter size of 100-150m (100-
140 mesh) were used. A set of U.S. Standard Sieve Cells
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whxch were available fro. Oual Manufacturing Co., Chicago
Illinois, were used for separating the proper particle
size.
II. Membrane Preparation
Membranes of P-222I were cast manually from 10%
solutions in TFAA. Casting was performed at room tempera-
ture, on glass plates. The thickness of the cast layer
was 200 microns. For film 1, solvent evaporation was
carried out at room temperature for 1 minute, for film 2
evaporation was for 3 minutes, and for film 3 evaporation
was for 5 minutes. For film 4 evaporation lasted over-
night in the hood, and then under vacuum (0.2 mm) for 4
days at es^C. Membranes were then gelled in distilled
water of 1-3°C. Membranes were allowed to remain in the
gelatin bath for 30 minutes, during which time the bath
temperature was slowly raised to room temperature. The
films were then transferred to distilled water at room
temperature and remained in distilled water at least over-
night prior to any measurement of their film property.
III. Measurements
A
.
Water absorption measurements
. The water absorption of
the polymer sample was determined gravimetrically
. A
polymer sample of 0.1-0.2 gms was placed in an Abderhalden
mm
car-
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apparatus and heated at lOQoc/O.l for 24 hrs. Although
this procedure is normally sufficient to insure complete
removal of water from the sample, the samples were never-
theless placed for an additional 36 hours into the Abder-
halden apparatus over P^o^ to establish constant weight.
The polymer samples were then placed .n a closed chamber
containing a saturated aqueous solution of potassium
nitrate which provided a relative humidity of 93% (16
water vapor in the atmosphere); the experiments were
ried out at room temperature (25°c) . The samples were
frequently weighed and the water absorption was recorded
as water (a) in the wet polymer powder (a/a + b) ; the
experiments usually lasted for several weeks. To insure
that the equilibrium had been achieved, each polymer was
subjected to the above drying and absorption process at
least twice. in the case of p-222l and cellulose acetate
two samples of each polymer were run simultaneously.
Water contents of swollen films were determined by
removing surface water by blotting with filter paper,
weighing pieces of film, drying them for 48 hr. at 100°C/
0.1 mm, and reweighing. Typical samples had a dry weight
of 0.2-0.3 g. Water content is reported as weight percent
water in the swollen film.
B. Wide-angle x-ray studies
. Investigations of x-ray wide
angle scattering of the samples was carried out with an
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x-ray beam of wavelength 1.5418 °A (Cu/K^, g filtered with
Ni), the beam passed through a pinhole coUimation, then
the sample and finally onto a flat film camera. The in-
vestigations were carried out at room temperature and an
atmosphere of 80% relative humidity (14.0 mm water vapor)
or under vacuum (0.1 mm).
C. Scanning electronjnicr^^ Scanning electron
microscopy (SEM) was performed on an Etec Autoscan scan-
ning electron microscope at an accellerating voltage of
20KV. Membrane specimens were immersed in an aqueous
surfactant solution containing 30% ethylene glycol and
5% poly (ethylene glycol) 4000 by weight prior to drying
of films under atmospheric conditions. This treatment was
intended to minimize collapse of the gel structure during
desiccation; similar treatment of copolyoxamide membranes
had been shown not to change its morphological structure
from its original structure
.
^"^^
Films were dehydrated
overnight at room temperature at 20 mm pressure over CaCl
and then fractured under liquid nitrogen. Fracture sur-
faces were shadowed with a graphite/gold alloy and mounted
obliquely on the specimen mount (sO that the "cross sec-
tion" would be exposed to the incident electron beam)
.
D. Thermal analysis
. A Perkin-Elmer Differential Scanning
Calorimeter, DSC-2, fitted with an Intracolor-1 , which
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provided for operation below roon, temperature, was used for
the thermal analysis of the samples. The calibration of
the instrument was made using cyclohexane (m.p. 6.7-C)
and indium metal (m.p. 156. 8»C) as standards.
The membranes studied were wiped with filter paper
to remove extra external water. They were then cut into
round discs (diameter of 4 mm)
. Both membrane discs and
powder samples were sealed into recently developed large,
deep pans and lids"2 ^,p^^,^ analyzing sample sizes up
to 3 0 mg.
Sealed pans containing powder samples were cooled
to
-33°C and heated at a rate of 10°C/min under nitrogen
to 52°C. Samples were then held at 127°C for approximate-
ly 10 minutes, cooled at a rate of 20°C/min to
-33°C, and
rescanned. The area under the melting peak was measured
and the amount of "temporarily" freed water was calculated
for each scan. Copolyoxamides (A-2-A-l)^ were studied as
A varied from 0 to 6 methylene units in normal linear
alkylene diamines.
Pans containing membrane samples were cooled to
-33°C and then heated to 67°C at a rate of 10°C/min. The
area under the melting peak was measured and yielded the
combined amount of loosely bound water and free water. (In
those situations where extra external water was sealed in
the pans, appearing as free water transition, it was
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subtracted out of the melting endotherms. The amount of
bound water was taken as the difference between the total
water content in the membrane (determined from the weight
loss after drying a blotted, wet membrane, under vacuum
(0.1 mm) at 100»c to constant weight) and the amount of
loosely bound and free water.
E^_Surface area measurements. Surface area measurements
were conducted by Cabot Corporation, Billerica, MA, by
nitrogen absorption at
-195°C; data were analyzed accord-
ing to the single point BET method.
CHAPTER VI
RESULTS AND DISCUSSION-
REGULAR COPOLYOXAMIDES
i^-^anilibriuir^^
of
^ggiij:g£l^Polyo:^^iHIdes '
water absorption was studied .„ a number of samples
Of regular aliphatic/aromatic copolyoxamides
; the absorp-
tion at 93% relative humidity was determined. The water
" the regular copolyoxamides existed in the bound state
and the absorption equilibrium depended on the concentra-
tion of amide groups and the crystallinity of the sample.
Regular copolyoxamides of the general structure
P-A2AC, where A was an alkylene diamine which contained
2 to 6 carbon atoms and C was an aromatic or aliphatic
dicarboxyUc acid group, were studied for their water ab-
sorption behavior.
" " II 114HN- (CH^)—NH-C-C-NH- ( CH„ )—NH-C-R-^f
n ^
A y^2-^< A c-—
>
P-A2AC
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These investigations were ca„.ed out at 0.1-0.2
,.s . of
powderea polymer sample of dia.eter 100-150
.i„ons. The
f^rst stage of the water absorption was complete after 24
hours but at least one weeK of exposure was necessary to
establish the equilibrium value. it was .1,. ^I also demonstrated
that an extension of the exposure to 2-3 months did not
Change the absorption value. After the samples were dried
100«c at 0.1 mm over P^o^, the samples lost all the
water but took it up again in essentially identical fash-
-n; in most all cases the second and third water absorp-
tion experiments gave absorption curves which were nearly
superimposable.
Three groups of regular copolyoxamides were inves-
tigated for their water absorption. The first group were
copolyoxamides p-A2AI
,
where the second acid part was iso-
phthalic acid; the A-diamines were varied from 0 to 6.
in the second set of experiments, the acid component was
2,6-pyridine dicarboxylic acid, and in the third set of
experiments, aliphatic dicarboxylic acids were used as the
second acid component in the regular copolyoxamides. in
all experiments, 2-3 determinations of the absorption/
desorption cycling were made. The averages of our deter-
minations, along with their 95% confidence limits, are
listed in Table 20. in addition, a comparison of the water
absorption of p-222l and cellulose acetate revealed that
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TABLE 20
particle Si.;:
rt?0l^i4^^^i3^^i°™-'
sample size: 0.1-0.2 g
'
Polymer
P-A2AC
p-0201
P-222I
p-3231
P-424I
p-6261
P-222P
P-323P
P-424P
P-626P
p-2226
p-22210
p-4246
p-6266
p-222-TC,^-l3^
P-323-TC20-I80
P-424-TC20-I3Q
% Uptake
32.1 ± 2.3
14.7 ± 0.4
8.5 ± 0.0
14.2 + 0.6
7.7 ± 0.4
17.3 ± 0.4
14.7 ± 0.3
10.6 ± 1.0
7.9 ± 0.9
13.5 ± 0.5
11.8 ± 1.4
15.2 ± 1.2
7.0 ± 0.3
22.2 ± 1.3
10.7 ± 0.1
12.8 ± 0.5
Inherent viscosity
n in dL/g
(solvent)
0.44 (H2SO4)
0.99 (H2SO4)
1.90 (H2SO4)
1.58 (H2SO4)
0.80 (H2SO4)
0.30 (DMAc^, 3% LiCl)
0.36 (DMAc, 3% LiCl)
0.88 (DMAc, 3% LiCl)
0.96 (DMAc, 3% LiCl)
0.47 (H2SO4)
0.66 (H2SO4)
0.61 (H2SO4)
0.66 (H2SO4)
Number instead of A means number of CH2 groups in theiminoalkyleneimino unit (n=0-6) ; 2: oxilyl unit C=I^isophthaloyl, C=P: 2 , 6-pyridinedicarbonyl
, c=TC20-lRn:20 mole-% TC ( tetrachloroterephthaloy 1) aAd 80 mole-%
I. Number instead of C means number of carbon atoms inthe aliphatic dicarboxylic acid.
DMAc: N,N-dimethylacetamide.
similar values of nr.4-=.i,^uptake can be expected for these two
classes of polymers. See Table 21.
Oxalyl hydrazide gave a regular copolyamide with
.sophthaloyl Chloride with an inherent viscosity of 0.44
dVg and an absorption reaching equilibrium around 32% of
water uptake (Figure 26,
. when two methylene groups were
inserted between the N-N bond of the hydrazine group
(ethylene diamine,, the equilibrium water uptake was
Slightly below 15% (Figure 27,. Additional increase of
the number of methylene groups to 3 (propylene diamine,
,
gave a water uptake equilibrium of less than 9% (Figure
28,. A higher water uptake of about 14% was again noted
for butylene diamine-1,4 (Figure 29,, and about 7.5% for
hexamethylene diamine (Figure 30, . The equilibrium per-
cent water uptake as a function of the carbon atoms of the
diamine units in the regular copolyoxamides is shown in
Figure 31. It might be seen that the equilibrium water
absorption values decrease, as expected, with an increase
of carbon numbers of the diamine unit; this decrease, how-
ever, is not linear. In order to establish the cause of
this discrepancy, the polymers were further investigated
by x-ray diffraction to determine the influence of the
sample structure and its crystallinity on the value of
water absorption.
In a second set of experiments the equilibrium
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TABLE 21
COMPARISON OF
AND
WATER UPTAKE BETWEEN p-
CELLULOSE ACETATE
2221
p-
Time
Exposed
at 93% R.
2221
Cellulose Acetate
Percent
Water
H. Uptake
Time
Exposed
at 93% R.H.
Percent
Water
Uptake
1 day
3 days
7 days
30 days
9.1
14.1
14.7
14.7
-L / uays
2 6 days
36 days
14. 3
14.3
14. 5
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Figure 26. Water uptake of p-020l powder. For
abbreviations and conditions see Table 20.
Figure 27. Water uptake of p-222l powder (cf
Table 20)
.
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Figure 28. Water uptake of p-323I powder (of.
Table 20)
.
Figure 29. Water uptake of p-424I powder (cf
Table 20) .
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Table 20^^^^^^
^^^^^^ uptake of p-626l powder (cf.
Figure 31. Percent water uptake of copolyoxamides
P-A2AI as a function of chain length of diamine unit A.
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water absorption of p-A2AP type copolyoxamides was studied
The inherent viscosity of these materials was somewhat
lower than the first set, but did not seem to influence
the equilibrium water absorption measurement. Copoly-
oxamide p-222P gave a water absorption value of over 17%
(Figure 32), p-323P of nearly 15% (Figure 33), and p-424P
a value below 11% (Figure 34); p-626P showed an equi-
librium value of water absorption of 8% (Figure 35). The
comparison of the equilibrium water absorption values of
regular copolyoxamides which have a 2,6 pyridine di-
carboxylic acid group in the polymer as a function of the
increasing number of carbon atoms of the diamine function
is shown in Figure 36. Here again it can be seen that
the equilibrium water absorption is decreasing with in-
creasing carbon atoms of the diamine portion but not in
an equally irregular way as in the case of the regular
copolyoxamides containing isophthalic acid groups. VJater
absorption of regular copolyoxamides has also been studied
with aliphatic acids as the second diacid component and it
could be shown that polyoxamides from m-222 and adipic
acid have a water absorption of 13.5% (Figure 37) and
with sebacic acid of about 12% (Figure 38) . The water
absorption of p-4246 was more than 15% (Figure 39) , but
that of p-6266 was only 7% (Figure 40)
.
It was also important in this work to consider
201
Figure 32. Water uptake of p-222P powder (cf.
Table 20)
.
Figure 33. Water uptake of p-323P powder (cf.
Table 20)
.
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Figure 34. Water uptake of p-424P powder (cf
Table 20)
.
Figure 35. Water uptake of p-626P powder (cf
Table 20)
.
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Figure 36. Percent water uptake of copolyoxamides
P-A2AP as a function of chain length of diamine unit A.
Figure 37. Water uptake of p-2226 powder (cf.
Table 20)
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Table 20^^''''^
^^^^"^ uptake of p-22210 powder (cf
Figure 39. Water uptake of p-4246 powder (cf.
Table 20)
.
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Figure 40. Water uptake of p-626 powder (cf.
Table 20) .
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which chemxcal functional groups would be important for
the water absorption and water transport. Early inves-
tigations on the rate of exchange of cellulose with
heavy water (D,0) suggested that all the hydroxyl groups
in the amorphous region together with those on the sur-
face of the crystalline regions could be considered as
accessible absorption centers, as they demonstrated ex-
change for heavy water. Later studies on cellulose
indicated also that water is to a much greater extent
associated with the hydroxyl groups than with the ester
group of the cellulose acetate. Independently, at
about the same time, it was also suggested that the bound
water was associated primarily with the hydroxyl group
of the cellulose acetate^^^ left unreacted in the acetyl-
ation.
The proposed mechanism"'-^-'- of water absorption in
nylon 6 involves two neighboring amide groups in water
accessible regions as absorption centers. The first
molecule of water is believed to form a double hydrogen
bond between two carbonyl atoms. Two more water mole-
cules are then pictured as joining the already existing
hydrogen bonds between carbonyl groups and hydrogen atoms
of the amide groups. It is therefore reasonable to as-
sume that the oxamide group as well as the amide units
are both involved with the water uptake and must be
considered as absorption centers .w,f . Furthermore, some
absorption is likely to occury on the carbonyl associated
"xth the aromatic or aliphatic dicarboxylic acid.
These considerations have been proven to be con-
sistent w.th our experimental results on the water ab-
sorption on the regular copolyoxamide polymers, as the
weight percent of water uptake was higher with higher
concentration of amide groups in the polymer chain. Be-
tween 2 and 6 moles of water could be calculated for
the repeat unit of the polyoxamide chain, the highest
value being when all four a„ido groups were grouped near
each other. Polymers containing the 2,6-disubstituted
pyridine ring in place of the phenyl ring of the iso-
phthalic unit also showed higher water absorption. it
could be calculated that one mole of water might be as-
sociated with the nitrogen atom of the heterocyclic pyri-
dine ring.
In the aliphatic regular copolyoxamide series, we
compared the water absorption of p-222-10 and p-4246, both
of which have the same weight percent of amide units
(17.6%), but show different water uptake values. This ob-
servation points to the importance of the overall struc-
tural distribution of amido groups, which are important
for the water absorption. The copolyoxamide, p-4246, which
has the higher water uptake (15.2% versus 11.8%) may have
a higher amorphous fraction or a weaker hydrophobic in-
teraction. Longer aliphatic chain units cause a more
important hydrophobic interaction in the polymer, which
in turn might interfere with the movement of the water
molecules from amido group to amido group. it has been
shown in the past that in nylon 26 a higher water absorp-
tion value has been obtained as compared with that of
nylon 8 and it was concluded that the absorption centers
in the higher nylons were not accessible to aggregates
of several molecules of water, probably due to the strong
er interaction of the hydrophobic segment than in the
lower nylons. it appears that a similar phenomenon
is occurring in our aliphatic regular copolyoxamides wher
the sequence of 8 carbon atoms in the p-222-10 provides a
much greater hydrophobic environment.
The polymers with tetrachloroterephthaloyl units
in the polymer as well as isophthaloyl units showed a
relatively good uptake value. Since there is no reason
to believe that these groups contribute any hydrophilic
portion to the overall polymer structure, it is believed
that they contribute to an increased amorphous portion of
the polymer, which provides more sites for the water
transport
.
In this work, no attempts have been made to study
in detail the kinetics of water absorption, but it can be
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on most
seen in the Pi.u.es that the absorption is clearl, pro-
ceeding a t„o-sta,e process; initially absorption i
quite rapid, with most of the tot-;.! in tal uptake occurri in
the first 20 hours. This initial stage of absorptr
l.kely corresponds to a diffusion process. The second
stage is probably governed by a segmental relaxation which
allows additional sites to be developed for further water
uptake. The idea of a two-stage process had been advanced
earlier and it was first proposed for the absorption of
organic vapors xn poly,„ers which are below their second
order transition. it was concluded that the initial
stage absorption involved elastic expansion and the rate
determining step is ordinary Fickian diffusion of the
penetrant. The rate determining step for the second stage
absorption is rearrangement of the polymer network which
occurs by breaking interchain bonds. Similar behavior was
found for the absorption of water in regenerated cellu-
,
196lose. Again, it was suggested that water first clus-
tered in the more accessible regions of the polymer and
then caused a breakup of the network hydrogen bonds. it
is also possible that the appearance of a two-stage pro-
cess is simply a result of the use of saturated aqueous
KNO3 to provide an atmosphere of 93% relative humidity;
this requires displacement of interfering gases from the
absorption sites and leads to a slow approach to
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equilibrium.
Previous work on both cellulosic polymers"' and
regular polvamidpc;-'-^^ \.-.r, -, •P lyamides has indicated the phenomenon of
variable water retention after drying, depending on pre-
vious absorption history. Total dehydration results in
irreversible changes in cellulose acetate membranes,
creating compactness of structure. This phenomenon has
not been observed in our regular copolyoxamides
. The poly-
mers which were studied displaced practically the same
percent uptake after three absorption/desorption cycles.
The regular aromatic/aliphatic copolyoxamides seem
to have a most desirable combination of properties; the
oxamide, which provides for high water permeability; and
aromatic, heteroaromatic
, or long chain aliphatic dicar-
boxylic acid groups, which offer high Tg and resistance to
creep while maintaining a good capability for reversible
water bonding in the polymers even after dehydration.
The water absorption of nylons has been studied
199previously. For nylon 6, an equilibrium water absorp-
tion at 50% relative humidity was reached at 2.7% and the
saturation value was 9.5%, while nylon 66 had a 50% value
of 2.5% and a saturation of 8%. The corresponding values
for nylon 610 and 612 are 1.5% and 1.3% and 3.5% and 3.0%,
respectively. The water absorption process, of course,
depends very definitely on the film thickness, if films are
studie., an. also on the temperature an. the physical
structure Of the
th.c.ness in^uences the
early part of the w^i-or- =kater absorption but not the equilibrium
value.
The change of Tg with water absorption is very
s.gnrficant in polyamiaes and not until recently^OO
very reliable values been obtained. Por nylon 6 , a Tg of
about 100=c for completely dr.ed material can be extrapo-
lated. At 1, water content, which is achieved with 12*
relative humidity, the Tg is 71«c. Relative humidity of
55% will give a 3.5% water content and a Tg of 43"c Be-
tween water absorption values of 2% and 5%, Tg shows a
Plateau of 40-45»c. When nylon 6 is exposed to a relative
humidity Of 97%, slightly more than 10% water is ab-
sorbed, and such a polymer shows a Tg of
-8«C. Nylon 6
is a particularly complicated system because there is also
the possibility Of the presence of small amounts of mono-
mer (£-caprolactam)
,
which is very water soluble and func-
tions as plasticizer for the polymer, causing additional
decrease of the Tg. We have, then, water functioning as
the plasticizer for the nylon 6, t-caprolactam acting as
the plasticizer for nylon 6, and the combination of water
and t-caprolactam acting together. These comparisons are
mentioned in order to emphasize the importance of the
regular copolyoxamide structure, which has excellent water
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creep and compaction.
^^^Jl^A^2z^^l3le_J^zR^ Studi es
The i„e,.x..i,. Of
..e value of water absorption
regular copoX.oxa.i.es conta.n.n, isop.t.alo,!
.roups
-
the pol,™er su.^este. a ai^erence in cr.staU.nit, ofthe samples. our ™ost extensivel, studied sample, p-222lhad
.een shown in the past to he suhstant.aii, amorphous/
we consequent!, studied the polymer samples h, wide an,le
K-ray diffraction; results of the Debye-Scherrer type
diagrams are shown in Figure 41 and Table 22. These
diagrams
.ndeed give some insight as to the nature of the
environment involved in water absorption. The sample
P-323I contained the highest amount of crystalline region
and therefore it was not surprising to see a marked drop
in the equilibrium water absorption value. Crystalline
portions Of semicrystalline polymers are known to be
inaccessible for most transport and absorption phenomena.
These results seem to confirm earlier suggestions that
water transport in these regular copolyoxamide membranes
occurs in the amorphous portion of the polymer. Consider-
ing higher crystallinity in p-323I, it appears that the
323 units provide a slightly better packing geometry by
Figure 41. WAXS powder diagrams of copolyoxamides
A2AI; (a) p-222I; (b) p-323I; (c) p-424I.
219
220
TABLE 2 2
.... „S O.
p-2221
Spacing
3.28 Diffuse band
P-323I
Spacing
5.09
4.09
2.51
2.31
2. 15
P-424I
Spacing
6.87 Diffuse band
3.08 Diffuse band
2. 10
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forciny th. i,yUro<jc.ns on succossive nitrogens to be
pointiny in the same direction, facilitating the formation
Of better developed crystalline regions in the polymer.
It has recently
...en shown that the nylon 62 structure
exists in the crystalline form of a sheet structure simi-
lar to the u form rjf nylon 66.'^^^
m LI.e P series, phenomena similar to those seen
in the I series were observed (Ficjure 42 and Table 23)
when Lhc. x-ray crystallinity was studied. The results of
the P series indicate a slightly higher overall crystal-
linity than that of the I series. A tentative idea based
on these results is that the pyridine ring, being some-
what more polar than a phenyl ring, might be providing
uddUioiiai lorces which contribute to the alignment of the
macromolecules and to a more effective crystallization of
the polymer.
Additional information concerning tlie structure of
the water absorbed in the amorphous portion was obtained
by the x-ray study of dry and wet samples of p-323l, the
most crystalline sample of this series. A comparison of
the x-ray diagrams A and B (Figure 43) shows that there is
no noticeable difference between the x-ray spacings of the
dry and wet polymer sample and also no difference in the
intensity ol the individual x-ray diffraction rings. This
experiment showed that the water absorption was entirely
222
Figure 42. WAXS powder diagrams of copolyoxamides
P-A2AP; (a) p-222P; (b) p-323P; (c) p-424P.
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TABLE 2 3
4.41
3. 62
2.91
2.17
5.68
4.23
3.76
3.18
2.46
2.32
2.22
2.14
P-222P ~ ^~=========
Spacing T P-^24PSpacing ov.
-
^ Spacing
3.39
2.57
2.35
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Figure 43. Comparisons of x-ray diagrams of
p-3231 samples; (a) dry; (b) moist (equilibrated at
80% relative humidity (14.0 mm Hg) )
.
226
in the amorphous region and had not affected theline region Of the polymer oth
^'^^ =™i-
ux , erwise the x-r^^, ^
would have been affected Alth .
9=
the overall water ab-sorptron was only 7%, the water absorption in the
rea,-on ,
P^ amorphousgi (although the crv=!t-aii-ys alline content is not exactlyknown) is substantially higher.
- ''^"'="i
-g£aH^I^ICal5Hmgt?^
Additional information about the type of water
binding was shown by analvsi^, o-f , ^y ysis wet copolyoxamide samples
by thermal differen^^^^ o,.-,rt tial scanning calorimetry. Figure 44
shows the efff^n^ect Of scanning of typical polymer samples
(P-222I) from
-33'>C to about +60°c +-ho^ bu the region where free
water was expected to crystalline. All regular copoly-
oxamide samples have shown similar behavior, only one
example is shown here.
It can be seen in the initial scan of p-222I, which
had been equilibrated at 93* humidity and scanned from
-33»C, that all the water (15%) behaved as bound water,
that is, no endotherm near 0°C (where free water would
melt) can be identified. The sample was then heated to
123<'C, held for 10 minutes at this temperature, and then
cooled rapidly to -'i'i°r tj-,^ nc/- u -, ,P ^±y jj c. The DSC pan had been carefully
sealed and no water escaped during this experiment. The
bound water was temporarily released from the polymer and
228
Figure 44. DSC scans of water in n-?99T istudy of rebinding of water. ^ samples;
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u C. From the heat of fuc^r^r. ^ui. r sion of watp-rd e , the amount of
r " scan...,,the water was
.e.oun. an. the ™elt.n, en.ot.e™ o. „ate.became successively smaller until essentiall, no „ore
free water remained. The nqrin DSC scanning experiments were
carried out in succession and the total experiment did not
exceed one hour. Although a small amount of free water
«as still left, it would
.e expected that it would be com-
pletely rebound in the time necessary to reach full equi-
librium. The values for the amount of free water in
curves B to E are 1? c no -, ^^ 12.6., 6.1%, 1.2%, and 0.9%, respec-
tively.
The DSC studies on the regular copolyoxamides have
provided data to suggest that these materials are promis-
ing materials for the study of water absorption and pos-
sibly also to study the binding mechanism of water in
polymers. The polymers are essentially amorphous and the
rebinding can be studied readily.
IV. Water-Polymer Interactions in a Copoly-
oxamide Membrane [p-222rr
Figures 45a, 45b, and 45c show typical melting
endotherms for water in the membranes whose water contents
are 67.7% (membrane 1), 61.1% (membrane 2) and 50.6% (mem-
brane 3) respectively. if we compare the shape of the
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water in Jhe^D 222t''^^'''?^
DSC melting endotherms of
(c) water content'sS^e*; d) puri'iater"
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peaks With that of pure water, Pi,.re 45d, it is obvious
that we have two endothe™ic events occurring in the sa™e
temperature region as compared to the expected single
sharp melting endotherm of pure water. The sharp com-
ponents Of the peaks for membranes 1 , 2 and 3 maintain the
same temperature range (0-l»c) as that of pure water. The
onset of a second endotherm appears at a slightly higher
region of 4-6°C.
Prior studies on cellulose acetate membranes have
revealed similar experimental results. it was sug-
gested at that time that the sharp component of the peak
was completely free water; the broad component assigned
to the free water very weakly interacting with the polymer
(loosely bound) water, possibly the interaction of water
with capillaries in the polymer. Our results imply that
the regular copolyoxamide membranes have various states of
water in the membrane. The broad component of the melting
endotherm corresponding to surface (loosely bound) water,
and the sharp component of the peak is assigned to ordin-
ary (free) water. The relative proportion of loosely
bound water is affected by the total water content of the
membrane, increasing with a decrease in water content.
Again, this is demonstrated in Figures 45a-45c, where the
broad component of the peak (loosely bound water) becomes
larger as the total water content is decreased. Such a
finding is comparable with the work of Ahad^^^ ^.^^
water content hydrogels.
An accurate description of the amount of loosely
bound water and its dependence on the total water content
n.ust incorporate at least two factors. Pirst we recall
that in the case of copolyoxa^ide powder samples (equi-
librated at 93. relative humidity,
, the initial DSC scans
revealed that all of the water was behaving as bound
water, with no endotherm at 0«c. Heating the polymer
above lOOoc and rescanning through O'c, the bound water
was temporarily released. Upon successive scanning, the
water was rebound and the melting endotherm of water be-
came smaller until esspni-i^iiw^11 entially no more free water remained
It is clear from our melting endotherms that the loosely
bound water is released upon scanning through 4-5<^c. An
accurate determination of the amount of loosely bound
water must take into consideration the amount of time the
membrane is kept below 0^0. At sub-zero temperatures the
process of secondary binding of water is realized. in
Figure 46a we have the initial DSC scan of membrane 3,
held at
-30°C for a few minutes. Figure 46b shows (after
quenching and quickly rescanning) that insufficient time
has been permitted for loose binding of water. Annealing
at points below 0°C for different amounts of time seems
to affect the amount of secondary water interaction.
235
Figure 46. DSC melting endotherms of water in
membrane 3 (water content 50.6%): (a) annealed at
-30°C
for a few minutes; (b) quenched and rescanned.
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secondly, the »eUin, temperature of the looselybound water is not in th= o
""9^ but Slightly higher
than that of pure water. „e also helieve that the heat
Of fusxon Of loosely
.ound water is slightly hut not sig-
nificantly different fro™ that of free water, and
.ust he
estahlished.
.hrs. together with the effect of annealing
below 0»c must he understood ™ore completely hefore any
quantitative determinations of loosely hound water can he
made
However, in order to at least estimate the amount
Of bound water, we assumed the heat of fusion of free
water and loosely bound water in the membrane to be the
same as the heat of fusion of pure water. m the assess^
ment of bound water content, the kinetics are not impor-
tant and thus more reliable data can be reported.
The water contents, bound water contents, and sur-
face areas of the copolyoxamide membranes are listed in
Table 24. it is easily seen that our copolyoxamide mem-
branes contain a significant fraction (11 to 38%) of
bound water.
The variation between measurements of different
samples is believed to be chiefly a result of slight dif-
ferences in casting conditions. A somewhat similar beha-
vior has been found previously in cellulose acetate films
containing 17 to 4 0% bound water. The amount of bound
238
TABLE 24
WATER CONTENT, BOUND WATER CONTENT AND SURFACE AP...OF THE COPOLYOXAMIDE MEMBRANE^
''''^''^
Membrane
Water
Content
(%)
67. 7
Bound
Water
(%)
20.6
Weight of
Bound Water
per g dry
Copolyoxamide
0. 74
Surface
2Area (m /g)
14.8
61.
1
13. 9 0.67 13. 9
50. 6 10.5 0. 50 8. 07
4
(dense
film)
41. 0 38.1 0.36 < 1.0
water depends also somewhat on the exact .0 h • .
•
n conditions of the
membrane preparation. with cPlini •e lulosic materials, the
composition Of the poly.er solution, oastin, temperature
the pressure and drying time have all been found respons-
ible for variations in the bound water contents.""
^^^--5H5il£lijH_MSctron^^ of theLopolyoxaroide Membrane
It has been established^" that a diversity in
membrane gel structure of p-222l could be achieved by
variation in evaporation time from 3-4 seconds to several
hours. Me,*ranes formed by shorter gelling times gave
structures which have a relatively larger pore size, with
evaporation times of up to 10 minutes, the development of
a dense surface layer can be observed. The evaporation
times were even longer and the membrane structures become
more dense with void size increasing from the upper to the
lower surface, when the evaporation time was extended to
several hours, a similar behavior is seen.
Figure 47 shows an SEM photograph of Film 1, where
evaporation time was one minute, which shows a relatively
large pore size of up to 9m. when evaporation time is
increased to 3 and 5 minutes (Figure 48 and 49), the
structure is dominated more and more by cellular pores in
the l(j range. Finally, densification of Film 4 (Figure
50, evaporation for 4 days at 65°C, 0.2 mm) gives rise to
240
.
Figure 47. Cross section of p-222l film castfrom TFAA, evaporated 1 min at room temperature andgelled at 2°C in distilled water.
Figure 48. Cross section of p-222l film cast
from TFAA, evaporated 3 mins at room temperature and
gelled at 2°C in distilled water.
241
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TPAA, evlp^rated's Tnl" T'^""" °' ^""21 film cast from
gelled
^ ^„
Figure 50. Cross section of p-222l film rp,^-hfrom TFAA, evaporated overnight at room temperatS^ffollowed by 96 hrs at fisop/n o perature,
at 2'C in distiUed ^ater?^ ™
pressure and gelled
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a structure with pore size no greater than O.4..
tate r 'HI'
" "tea on cellulose ace-
membranes that ^v, •this variation in morphology is
responsible fnr +-h^ ko the bound and free water contents. PorP^l™ 1, the large pore opening provides larae .^ ^ xutib g amounts of
surface for wai-or- a j_ter to interact with the polymer (water
content 676^-7%). AS evaporation time increases and surface
area for the final membrane decreases th. ., e polymer can
accommodate only smaller amounts of water. Pinaliy, ,or
F^l™ 4, densification is almost complete, and we see that
our water content is only 41%.
The amount of bound water depends also on membrane
morphology and increases with a decrease in ^h.^aticreas m t e compact-
ness Of the polymer within the membrane. This is clearly
seen in Pil™ 3, where the percent bound water was 10.5,
as compared to Pilm 1, where the percent bound water wis
20.6 (Figures 49 and 47). As additional surface was made
available, the water could interact more directly with the
polymer and become more readily bound, similar results
have been reported on cellulosic membranes.
Not surprisingly, almost all the water in our den-
sified copolyoxaraide films is bound water in the polymer.
More significantly, however, is that in spite of consider-
able efforts to prepare a truly dense film by the evapora-
tion/gelation technique, a completely void free film of
-.brane thickness could not be prepared.
. s.all a^ m ii mountfree and loosely
.ound water (2.9, total) in these
see. to .e another indication that regular aromatic/
al.phatic copolyoxam.des of the p-222x structure have a
.-at deal of staMlrty of the morphological structure and
seem to resist compaction and creep The twov-i-titip. in properties
are the most important deficiencies of opiimt;iicxes O cellulose membranes.
and the
Bound Water Layer "
in Table 24 we also report the weight of bound
water per grara of dry copolyoxa.ide
, as well as the amount
of measured surface area. As expected, we found for mem-
brane 1 the largest surface area (14.8 m^g)
, and the
weight Of bound water per gram of dry polymer is 0.74 g,
the maximum for this series of membranes. As we increase
the compactness of the polymer, the extent of polymer-water
interactions is reduced (Figure 50). For membrane 4, the
surface area is less than 1.0 mVg and the weight of bound
water per gram of dry polymer is only 0.36 g.
The amount of bound water per gram of dry polymer
is given in column 4 of Table 24. This figure decreases
from 0.74 g/g in Film 1 to 0.36 g/g in Film 4-the amount
of bound water decreases with increasing solvent
evaporation time. We suggest that th.^ ^^^^ ^^^^^ two possible
explanations for this observation. The f.rst is h^ ri IS a c angein the density of the polymeric phase of the .iias t membrane dueto a Change
.„ evaporation t..e. Hapi.
.elation
.ay pro-duce a highly swollen poly.erio phase „hioh can acco^mo-
-
the solvent evaporation perrod allows densifrcation of
the polymeric phase, producing a structure which is less
highly swollen by water andY r , the amount of bound water is
reduced. This pvni ; ^explanation seems to be essentially that
suggested by Frommer and Lancet^^^ to account for the
effects Of casting conditions on the bound water content
Of cellulose acetate membranes. The second explanation
is perhaps more speculative, but its implications are
intriguing. This is the suggestion that bound water may
consist not only of water bound within the bulk of the
polymeric phase, but also of water which is ordered or
structured by the surface of the polymer in such a way
that it does not freeze in the DSC experiment. Should
this be so, a linear dependence of bound water on membrane
surface area would be expected. The intercept of the line
would yield the amount of water bound by the bulk
polymeric phase, and the amount of "surface-bound" water
would be obtained from the slope. In Figure 51 is shown
a plot of bound water vs. membrane surface area for the
247
Figure 51. Bound water as a function of membrane
surface area.
248
.ou.
^^^^^^^^ ^^^^
^^^^^the aata
.re very U™Ue.,
.,e, the straight line
quite well with -.-^,4-n an intercept of o 19 ^/Pt^ t 0.32 g/g of polymer. This
suggests that the
.ul. poX,„eric phase can
..n. 0.32 g of
water per gra. po,,„er ana that aaart.onal
occur on the surface of the polymer.
This speculative pvt-.! •explanation requires three as-
sumptions: (1) that the density of t-h.u he polymeric phase
regains essentially constant, <2, that the surface area
..easured by nitrogen adsorption is meaningful with respect
to the amount of surface exposed to water in the me.brane,
and (3) that the quenching of the membrane in the DSC
experiment does not produce significant amounts of
amorphous water, which would be falsely interpreted as
bound water. We ar<=' r^r^^- ^4.w re not, at present, able to verify any
of these assumptions.
If, however, such surface binding does account
for our observations, the thickness of the surface "bound
water layer" can be estimated from the slope of the line
in Figure 51, assuming that the density of the bound water
is not significantly different from 1.0 g/cm^ The best
slope is 0.026 g/m
, suggesting binding of 2.6 x lO"^ m^
of water per square meter. Use of an assumed density of
1.0 g/cm then gives an estimated layer thickness of
O
200-300 A. We do not at this time attach quantitative
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significance to thi^ r^^icalculated value, due to th.listed abovP k 4- ' e cautionse, but we do suggest that orderino of^-i^uering water atthe membrane snrf^r.^u face „ay contribute signi
f
separation process.
It was suggested as early as 1955204
o'^'^ering of water molecules
.y ™acro™olecules is very u, ,and ^ha^- ii. , = j-is likelya that the depth of the "i
""'^
-^-^dered" water can in-
r:.r""
"^^^ °—
r
.olecmes, fro. an aWt
IT -^^-'^ - - - layersot progressively decre^Q-in..
^ further removed from
V""^^^-
-
. " cellulose acetate
membranes, whinh ir^fi
= / n cn influences the d&^P>-\ i r^^^-n aesalmation process in
-"^tV to solvate salt ions is strongly reduced,
IS as yet not known
The selection of the appropriate membrane in
reverse osmosis is of the utmost importance.
. p,i,„,
consideration is whether or not the membrane can effec-
tively bind water, as bound water participates in the
gross mechanism of water transport through the membrane.
The present study shows that these copolyoxamide membranes
are capable of accepting a significant amount of bound
water because of the chemical and morphological structures
of the membranes.
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^^^^^^-^2I}£l}^sions_^r^ Further Work
In recent years, membrane r&c,^^yr^y. v.i^j-ane esea ch has proceeded
-
two directions. Pi.st there have been continued efforts
to generate new polymeric materials for membrane applica-
tion. The second current research direction has been to
evaluate more completely useful membranes with regard to
water-transport properties.
It is to this latter area of research that this
present study makes significant contribution. Many posi-
tive indications of ultimate membrane applications are
present in the regular copolyoxamides
, among these being
favorable interaction with water, a high amorphous content,
resistance to compaction, and most importantly, a signifi-
cant bound water layer. Further work, especially in the
consideration of bound water interactions, could possibly
make the regular copolyoxamides a very important candi-
date for reverse osmosis applications. Another potential
application of regular copolyoxamides may be in ultra-
filtration, where membranes have been successfully used in
the removal of high molecular weight, colloidal, and
emulsified materials from aqueous systems.
Currently, membrane applications are limited
because they have to compete with other more economically
feasible processes. However, as the demands for new, more
energy efficient systems become competitive, the use of
membranes for water nnrifs^ ^Lfcir purification will hemm^ rv,^D come more impor-
tant.
The preparation and characterization of two novel
polymer systems has been investigated.
m the case of polyolefins, attention was
Placed on the important transitional phenomena of the
polymers. Major considerations of structure-property
relationships provided valuable insight on the behavior
Of this system.
For the copolyoxamides, novel condensation poly-
mers having a unique balance of hydrophobic and hydro-
Philic functionalities, the interaction of water with the
polymer in powder or the actual membrane form was evalu-
ated
.
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